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Abstract

Electrochemical Nanoprobes for Electron Transfer Kinetics and
Electrocatalysis Study

By

Yun Yu

Adviser: Prof. Michael V. Mirkin

The studies of electrochemical processes on the nanoscale have led to a significant progress
in understanding of electrochemical mechanisms and characterization of nanomaterials in the
fields of energy, catalysis, and biological research. Electrochemical experiments at nanoscale
require the fabrication and characterization of nanometer-sized electrochemical probes. The main
advantages of the nanoprobes include very fast mass-transfer rate, high signal-to-noise ratio and
extremely fine spatial resolution of electrochemical imaging. In the course of my Ph.D. research,
different types of electrochemical probes were developed for measuring electron-transfer kinetics,
probing single catalytic nanoparticles and sampling ultra-small volume of liquids.
We developed methodologies to fabricate and characterize disk-type platinum
nanoelectrodes suitable for determining rapid heterogeneous electron-transfer kinetics and
improved the reliability of kinetic measurements by performing steady-state voltammetry in
iv

solution containing both oxidized and reduced components of a redox couple. The Pt
nanoelectrodes employed as tips in the scanning electrochemical microscope (SECM) were used
to probe electrochemical processes at an individual metal nanoparticle. High-resolution
topographic images of single nanoparticles were obtained in the feedback mode and their catalytic
activities were mapped in the generation/collection mode. It was shown that a current-distance
curve can be fitted to the theory to evaluate the size information of a nanoparticle.
Selective chemical vapor deposition (CVD) of carbon into quartz nanopipettes was used to
fabricate carbon nanoprobes with controlled geometries. Completely filled carbon nanoelectrodes
were employed as a catalytically inert support to probe electron-transfer reactions and
electrocatalysis at single nanoparticles. Alternatively, a thin layer of carbon was deposited on the
inner wall of a quartz nanopipette for sampling ultra-small volumes of liquids and quantitating the
sampled redox species by voltammetry and coulometry.
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Chapter 1. Fundamentals of Electrochemical Nanoprobes

1.1. Introduction
The evolution of electrochemistry to nanoscience has led to a significant development of
nanometer-sized probes. Nanoelectrodes, typically referred to voltammetric electrodes with the
dimension below 100 nm, have been increasingly utilized in applications such as electrochemical
analysis,1,2 electrocatalysis,3,4 biological sensing,5 scanning probe microscopy6-8 and many other
fields.9,10 Many advantages were offered by shrinking the electrode size to nanoscale. Steady-state
voltammetric response is readily achieved because of very fast mass transport rate and the
dominated radial diffusion. Such ability can be used for kinetics study of rapid electron transfer
reactions. The small double layer capacitance of nanoelectrodes results in a very low background
current and a small RC constant, enabling electrochemical experiments to be carried out in a very
short time scale, such as studying corrosion and nucleation of transient nanometer-sized metals. A
nanoelectrode is additionally suitable for electrochemical measurement in a very small space when
it is used as a tip in the scanning electrochemical microscope (SECM). In this way, high resolution
electrochemical images of nanoparticles, biological cells and various nanostructures could be
obtained.
A number of research groups have been exploring the methodologies to fabricate
nanoelectrodes of different shapes, such as disk, band, cone, and pore.11-18 Flat inlaid disk metal
electrodes are easier to fabricate and they yield more reliable and reproducible data. When
employed as SECM tips, the disk nanoelectrodes can greatly enhance the capability of SECM in
probing various nanostructures and surface processes. The reliability of acquired data and the
spatial resolution essentially rely on the size and geometry of the nanoelectrode. It is vital to fully

1

characterize a nanoelectrode because the electrochemical response is often sensitive to small
variations in its geometry. For example, the diffusion limiting current of a recessed nanoelectrode
is lower than that of a same sized flat nanoelectrode because of additional resistance from the mass
transport.19 Electron microscopy (EM), scanning electrochemical microscopy (SECM) and atomic
force microscopy (AFM) were demonstrated to be useful techniques for visualization and
characterization of nanoelectrodes. 2,10
Tremendous research efforts have been devoted to the use of carbon as electrode materials
due to its low cost, catalytic inertness and wide potential window.20,21 The advantages of carbon
nanotubes and graphene as electrode materials are their well-defined structures and unique
properties in sensing, catalysis and molecular electronics.21,22. Conical shaped carbon-fiber and
disk shaped pyrolytic carbon nanoelectrodes were fabricated and utilized to support single catalytic
nanoparticles23, obtain electrochemical images24 and probe single biological cells,25-27
respectively. We recently developed selective chemical vapor deposition (CVD) of carbon in
quartz nanopipettes to prepare carbon-based electrochemical probes with controlled geometries.
The carbon nanoprobe with a nanocavity was used for exhaust electrolysis of redox species and
fluid sampling28; the polished disk carbon nanoelectrode was used as an inert support to attach
individual nanoparticles to study their catalytic activities; 29 and a carbon nanopipette with an open
channel was used as a current rectification and resistive pulse sensor.30
Nanometer-sized pipettes prepared by pulling borosilicate or quartz capillaries were
utilized in a variety of applications such as resistive pulse sensing31-33, high resolution imaging by
the scanning ion conductance microscope (SICM)

24,34,35

and supporting the nanoscopic liquid-

liquid interface. A nanopipette filled with an organic phase that is immiscible with the external
aqueous solution can be used as a tip in SECM to perform reagent delivery

2

36

and detection of

charged intermediates during a chemical reaction.37 The details of the fabrication and
characterization of nanopipettes have been discussed previously 38 and will not be covered in this
thesis.
1.2. Fabrication of Nanoprobes
The fabrication of an inlaid disk metal nanoelectrode started with pulling a micrometersized metal wire into a glass capillary. Briefly, an annealed 25(or 50)-µm-diameter platinum (or
gold) wire was inserted into a borosilicate capillary (1.0 mm o.d., 0.2 mm i.d.), which was loaded
into the slot of a laser pipet puller (Sutter P-2000). A vacuum pump was used to evacuate the air
inside the capillary and seal the metal wire in melted glass while heat was applied. The capillary
was then pulled to two halves with nanometer-sized tips. Several pulling programs were designed
to produce pulled tips with desired geometries. The pulled capillaries with sealed Pt/Au wires were
undergoing mechanical polishing with a micropipette beveller under the video microscopic
control. The capillary was positioned vertically towards the rotating disk to which a lapping tape
covered with 50 nm alumina particles is attached. The tip gets polished by random collisions with
alumina occasionally hit the surface. The polished electrodes were rinsed with deionized water or
cleaned by air plasma to remove trace amount of organic impurities.39 The schematics of a typical
inlaid disk electrode is shown in Fig 1.1. The important parameters for the electrode geometry are
(1) the radius of the conductive core, a; (2) the radius of the insulating sheath, rg; and (3) the
dimensionless parameter RG = rg/a. Several other representative metal nanoelectrode geometries,
including nanoband,

14

conical,15,16 spherical cap,17 recessed disks,19 and nanopore,18 have been

reported elsewhere. Nanoelectrodes of different kinds offer specific advantages and are suitable
for different applications.

3

Figure 1.1 Schematics of a disk nanoelectrode. The exposed metal is the electroactive part of the
electrode.

The carbon nanoprobes were fabricated by chemical vapor deposition of carbon into quartz
pipettes. Briefly, glass nanopipettes with the tip size from 10 to 500 nm were pulled from quartz
capillaries (1.0 mm o.d., 0.3 mm i.d.) using a laser pipette puller (Sutter P-2000). The nanpipettes
were placed in a CVD furnace and brought up to the set point temperature (900 °C) under argon
flow (300 sccm). Upon reaching the preset temperature, methane was flowed (200 sccm) for 0.52 h. The furnace was then brought back to room temperature under an argon flow. The process
resulted in a carbon film being deposited on the inner wall of the nanopipette. The thickness and
distribution of deposited carbon depend on the flow time of the methane, the pipette shape and
size.

40

Short deposition (0.5 h) normally results in the coating of the inner wall of a nanopipet

with a thin carbon film, producing an open carbon nanopipet that can be filled with an electrolyte
solution. Longer deposition (1-1.5 h) fills the pipette with carbon with the exception of the vicinity
of the orifice, producing a carbon electrode containing a nanocavity inside the narrow shaft of the
capillary. Even longer deposition (2 h) yields a nanoelectrode with carbon completely filled inside
the pipette. The tip of such a nanoprobe, however, is not sufficiently flat because of the nanoscale
roughness and the protrusion/recession of deposited carbon. Such tips could be mechanically

4

polished as stated above or milled by a focused-ion-beam (FIB) instrument to yield a flat electrode
surface. The excellent smoothness of a FIB-milled carbon nanoelectrode can be achieved by
employing a low current gallium ion beam (10 pA at 30 keV) 41. Fig.1.2 shows the schematics of
the three types of the carbon nanoprobes.

Figure 1.2 Schematics of carbon nanoprobes: (i) open carbon pipette; (ii) carbon electrode with a nanocavity; (iii) polished or FIB milled flat carbon electrode.

1.3. SECM Principles
The scanning electrochemical microscopy (SECM) is an important electrochemical
characterization technique. The operation of SECM depends upon the electrochemistry at
ultramicroelectrodes (UME) or nanoelectrodes. The setup for an electrochemical experiment with
UMEs is described as follows. The bulk solution contains redox species, O (oxidized species) or
R (reduced species), at a certain concentration, and supporting electrolyte that decreases the
solution resistance and insures the mass transport of the redox species dominated by diffusion. The
electrochemical cell also contains an auxiliary electrode that completes the electric circuit. An
electric potential is supplied to drive an electrochemical reaction (e.g. reduction reaction) to take
place at the tip electrode, resulting in a current flow.
5

O + ne-  R

(1.1)

The potential of the UME is monitored against a stable reference electrode, such as the Ag/AgCl.
The electrochemical current attains steady state in a very short time (<0.1s at UMEs, <10-5s at
nanoelectrodes). These characteristics imply that an UME/nanoelectrode used as a scanning tip in
a solution can be treated as a steady-state system.
Fig. 1.3 shows the basic setup of an SECM instrument employing an UME/nanoelectrode
as the tip. The positioning system normally includes three-dimensional translation stages, stepper
motors/piezo actuators and corresponding controllers. The bipotentiostat controls the tip (working
1) and substrate (working 2) potentials, measures and amplifies the current signals. Computer
software is required to control the positioning and data acquisition system. Other important
accessories are the electrochemical cell, a vibration isolation table that required for high resolution
(<100nm) imaging and a Faraday cage to isolate environmental electromagnetic noise.

Figure 1.3 Schematics of an SECM setup. (Adapted from Ref.6).

In a feedback mode experiment, a sufficiently high potential is applied to the tip such that
the reaction occurs at a rate governed by the diffusion of the redox mediator to the electrode
6

surface. If the tip is far from the substrate (i.e. tip-substrate distance is >10 times of tip radii), the
steady-state diffusion limiting current of the tip, iT,, is given by
iT, = 4nFDc*a

(1.2)

where F is the Faraday constant, n is the number of electrons transferred in the reaction, D is the
diffusion coefficient of O, c* is the bulk concentration of O, and a is the tip radius assuming an
inlaid disk electrode is used. When the tip is brought close to an electrically
insulating/electrochemically inert substrate (e.g. glass or plastic), the substrate blocks the diffusion
of O to the tip and the current will decrease compared to iT,. The closer the tip gets to the substrate,
the smaller the tip current (iT) becomes. This decrease in current with distance (d) is called a
negative feedback. When the tip is brought close to an electrically conductive/electrochemically
active substrate (e.g. platinum electrode), although the diffusion of O is blocked by the substrate,
the R produced at the tip diffuses to the substrate and can be oxidized to O, and the regenerated O
at the substrate diffuses back to the tip and causes an increase of the flux. Thus iT>iT, and iT
increases as d becomes smaller. The increase of current with distance is called a positive feedback.
A plot of iT vs. d is called an approach curve.

Figure 1.4 Basic principles of SECM: (A) tip is far from the substrate, hemispherical diffusion leads to
steady-state response; (B) tip approaches a conductive substrate, regeneration of redox mediators leads
to a positive feedback; (C) tip approaches an insulating substrate, hindered diffusion leads to a negative
feedback. (Adapted from Ref. 6).

7

By establishing a mathematic model for a disk electrode approaching a planar substrate
and solving diffusion equations, a quantitative description of the approach curve can be obtained.
Typical approach curves for a conductive substrate (regeneration of O at a diffusion controlled
rate) and an insulating substrate (zero regeneration of O) are shown in Fig. 1.5. Dimensionless
forms are used (IT=iT/iT,∞ vs. L=d/a) so that the theoretical curves are independent of the
concentration or diffusion coefficient of the redox mediator. By fitting experimental data to theory,
one can readily obtain a, RG and d from the measured current. This allows one to characterize tip
geometries and identify tips with irregular shapes which show different approach behaviors.19,42
When the substrate reaction occurs at a rate governed by the heterogeneous electron transfer, one
can fit the experimental curve to the corresponding theory and find the kinetic information of the
heterogeneous charge transfer at the substrate-electrolyte interface. 12

Figure 1.5 Theoretical SECM approach curves (normalized tip current, IT vs. tip-substrate distance, L)
of (A) Positive feedback and (B) Negative Feedback. (Adapted from Ref.6.)

8

1.4. Characterizations of Nanoprobes
Experiments at nanometer-sized probes are often hindered by visualization difficulties. The
knowledge of the shape and size of a metal nanoelectrode is essential for quantitative experiments.
Minor shape irregularities may cause significant uncertainties in the electrochemical
measurements. It is especially crucial to fully characterize CVD-based carbon nanoprobes because
minor variation of the fabrication condition could lead to significant disparity in their geometries.
The most straightforward way is to use the electron microscopy, including scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), to realize direct visualization of
the nanometer-size probes. Electrochemical methods, such as steady-state voltammetry, provide a
quick estimate of the size information based on assumptions about its geometry. When employed
as a tip in SECM, the geometric parameters of a nanoprobe can be obtained by fitting the
experimental curve to theory. Recently, the methodology of using AFM to obtain topographic
image of a nanoelectrode has been developed,

43

in this way, one has access to its unambiguous

geometric information that would not be obtained by other techniques.
1.4.1. Characterization by Electron Microscopy. Electron microscopy is usually useful
in obtaining quick and direct geometry information of a nanoprobe. SEM imaging can reveal the
three-dimensional information about a nanoelectrode’s geometry. However, the obtained
information is often limited by the spatial resolution of the instrumentation and the properties of
the sample material. Fig. 1.6A shows an SEM image of a disk-shaped Pt nanoelectrode with a
radius of ∼220 nm. Although a rough estimate of the electrode size is possible, it is difficult to tell
whether the conductive surface is slightly protruding or recessed into the glass sheath from the
obtained micrograph. For even smaller probes (e.g. a<50 nm), the conductive portion may be
invisible because of limited instrumental resolution or severe charging effect induced by the

9

insulating glass sheath. Electron micrographs with higher spatial resolution can be obtained using
TEM. Only certain nanoprobes with sub-micrometer dimensions can be imaged by TEM because
the high-energy electron beam can penetrate the sample with a limited thickness. A typical metal
nanoelectrode fabricated by mechanical polishing may not be suitable because of their relatively
thick glass sheath. Carbon nanoprobes, on the other hand, have been readily characterized by TEM
due to their tiny thickness of the glass wall.

28,30,41

. The high-energy electrons can penetrate the

thin quartz, and the filled carbon can be clearly resolved. Fig. 1.6B-D shows TEM images of the
three types of the carbon nanoprobes as described in the fabrication section. Fig.1.6B shows the
TEM image of an open carbon pipette with nm-thick carbon layer covered the entire inner pipette
wall up to the orifice. Fig.1.6C shows TEM of a filled pipette with a shallow nanocavity. The TEM
shown in Fig.1.6D confirms that a FIB-milled tip is flat and completely filled with carbon. The
edge of the milled tips was rounded, which is ascribed to the Gaussian broadening of the focused
Ga+ beam.

A

C

D

100 nm

100 nm

Figure 1.6 SEM image of a 220 nm Pt disk nanoelectrode (A) and TEM images of a 120 nm open carbon
pipette (B); a 33 nm carbon electrode with a 400 nm deep cavity (C); a FIB milled 75 nm carbon
nanoelectrode (D) (The images were adapted from Ref. 16,28,30,41, respectively.)

When SEM is used to characterize the surface morphology of the fabricated nanoelectrode,
the images are often taken with the 1.5−3 kV accelerating voltage for a typical working distance
10

of 4-6 mm. When the carbon probes are characterized with TEM, the nanoprobe is attached to the
copper grid in such a way that its tip is shown in the grid centered hole, and the rest of the pipette
is cut off. A relatively low electron beam voltage of 100-150 kV is used to reduce charge/heat
accumulating effects on the glass layer.
1.4.2. Characterization by Electrochemical Methods. The size of a disk nanoelectrode
can be quickly evaluated from the diffusion limiting current (Eq. 1.2) in a sigmoid-shaped steadystate cyclic voltammogram. Conversely, the limiting current can be used to analyze the
concentration of redox species with a nanoelectrode of known size. In a steady-state
voltammogram with a low sweep rate (<50mV/s), the curves of forward and backward scans are
generally retraceable and the capacitive charging current is usually negligibly small. Fast-scan
(>10V/s) voltammograms are similar except for a moderate charging current contribution which
point to no apparent solution leakage at the metal-glass interface. The shape of the voltammogram
depends of the kinetics of heterogeneous electron transfer at the electrode surface under
sufficiently high mass-transport rate. The electron-transfer kinetics can thus be evaluated by fitting
the steady-state voltammogram to theory.44 A steady-state voltammogram shown in Fig.1.7A
exhibits ~12 pA diffusion limiting current obtained with a ~40-nm-radius disk nanoelectrode. A
relatively low charging current and practically identical successive fast-scan voltammograms
shown in Fig.1.7B confirms that the true electrode area is similar to its geometrical area.
The electrode radius evaluated from the steady-state diffusion limiting current is often
problematic because of unavoidable imperfections of its geometry. Recent studies have employed
underpotential deposition (UPD) at metal electrodes to obtain the actual electrochemically active
surface area.45,46 A monolayer of copper (Cu) atoms are electrodeposited at the metal surface by
applying a potential slightly more positive than the Nernst potential for Cu 47. The following Cu
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stripping by potential sweep produces a current peak. The integrated electric charge for Cu
oxidation can be used to obtain the actual surface area. For instance, the stripping charge calculated
from Fig.1.7.D is 110.9 pC, and the Pt electrode surface area of 2.7×10-7 cm2 is evaluated using a
conversion factor of 410 µC/cm2 for polycrystalline Pt.47

Figure 1.7 Steady-state voltammogram, v=50mV/s (A) and fast-scan cyclic voltammograms, v=10V/s
(B) obtained with a 40-nm-radius polished Pt electrode in 1 mM FcCH2OH and 0.2 M NaCl.
Chronoamperograms of copper UPD (C) and anodic stripping voltammogram, v=500mV/s. Solution
contained 10 mM CuSO4. The potential was stepped from +200 mV to -320 mV vs Ag/Ag2SO4.
(Adapted from Ref.12,45)

Although the nanoelectrode size can be readily extracted from a steady-state
voltammogram, little information of the electrode shape can be obtained. This issue can be
addressed by using a nanoelectrode as an SECM tip and obtain an approach curve (iT vs d) while
a nanoelectrode is lowered toward an insulating or conductive substrate in a solution containing
an electroactive species. The major difference in the shape of the approach curves obtained with
flat disk tips and with protruding or recessed tips allows one to identify nanoelectrodes with
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imperfect geometry. The effective radius and the height of the protrusion or the depth of the
conductive surface into the insulator can also be evaluated by fitting the experimental approach
curve to the theory.

19,42

The SECM is most useful for characterizing planar electrodes because a

high feedback can only be obtained with a flat tip that can be brought close enough to the substrate.
The quantitative theory of feedback mode of SECM operation has been developed for
diffusion-controlled process, finite kinetics and more complicated mechanisms.6 The analytical
approximations (normalized current-distance curve) have been developed for positive feedback
produced by rapid regeneration of redox species at a conductive substrate and negative feedback
observed when no mediator regeneration occurs at an insulating substrate. The developed
equations fit within 1% of the simulated data assuming a disk-type electrode under diffusioncontrolled conditions. The effect of the RG value on the shape of a positive feedback approach
curve is relatively small while the negative feedback curve is sensitive to the RG. Fitting the
experimental working curve to the theory allows one to characterize both the size and the shape of
a nanoelectrode.

Figure 1.8 Experimental SECM current vs distance curves (symbols) obtained with a 40-nm tip
approaching a gold slide (A) and an 83-nm tip approaching a glass slide (B) fitted to the theory (line). 12
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In Fig. 1.8A, an SECM approach curve is fitted to the theory for positive feedback. The
size a=40nm obtained from the fitting is consistent with that calculated from the diffusion limiting
(Fig. 1.7A). The radius value and the disk shaped geometry are reliable because of the high positive
feedback current (up to IT=8) that can only be achieved with essentially flat tip surface. If the tip
is convex or recessed, the feedback is significantly lower because the tip surface cannot be brought
close to substrate. The overall size of the tip including the thickness of the glass insulator (the RG
value) can be evaluated from a negative feedback approach curve. In Fig.1.7B, such a curve
obtained with an 83-nm tip approaching glass surface fit well the negative feedback theory for RG
=10 until the tip insulator begins to push against the substrate surface (at L~0.17, d~14nm). The
convex or recessed nanoelectrodes can also be characterized by SECM using established theories.
By fitting the approach curves, an estimation of the height of the protrusion of a convex tip or the
depth of a recessed electrode can be evaluated. 19,42
Although a carbon based nanoprobe is different from a metal nanoelectrode in terms of the
electrode material and fabrication procedures, it is suitable to be employed as an SECM tip and
obtain approach curves. For instance, a 98-nm carbon probe that contains a nanocavity was
positioned in a close proximity of an insulating substrate and the current-distance curve was fitted
to the theory with RG=2 (Fig.1.9A). Because the redox species reaching the tip orifice quickly
reacted either at the external carbon ring or at the conductive inner wall adjacent to the aperture,
the shapes of SECM approach curves were in agreement with the theory for a disk shaped tip. The
well-defined geometry of FIB-milled carbon nanoelectrode was confirmed by SECM approach
curves at insulating substrates. Fig.1.9B shows the resultant approach curve as obtained using a
119-nm carbon nanoelectrode fitted well with theory. The good fit was obtained by using RG=1.4
and a very short distance of the closest approach, 8 nm, which confirms the flat tip end.
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Figure 1.9 SECM current-distance curve obtained with a 98-nm carbon tip approaching an insulating
glass substrate (red symbols) (A) 28 ; approach curve obtained by using a FIB-milled carbon nanotip with
a = 119 nm approaching a SiO2-coated silicon wafer (black symbols) 41 (B) and corresponding theory for
the pure negative feedback (solid lines).

1.4.3. Characterization by Atomic Force Microscopy. Although electron microscopy
provides means for characterizing nanoprobes, insufficient z-axis resolution of the electron
microscopy makes it difficult to distinguish between flat, recessed, and protruding nanoelectrodes.
Additionally, it is not easy to use either SEM or TEM for in-situ monitoring of electrochemical
processes at the electrode interface. When a nanoelectrode is utilized as a tip in SECM, only high
feedback provides strong evidence of an essentially flat electrode surface. Lower feedback
possibly originated by surface contamination, or poor tip/ substrate alignment often prevents one
from accurately determining the geometric parameters. An atomic force microscope (AFM) is
capable of measuring the roughness of a sample surface at a high resolution. Despite the
nanoprobes are needle-shaped, it is possible for an AFM probe to engage with a nanoelectrode
surface due to the relatively large size of the glass sheath. The high z-axis resolution of AFM and
its capability of imaging in liquid allows one to obtain detailed information about nanoelectrode
geometry and surface reactivity that would be hard to obtain by other techniques.
15

Figure 1.10 Non-contact topographic images of a 30-nm Pt nanoelectrode (A) and a 52-nm considerably
recessed Pt nanoelectrode (B). (Adapted from Ref. 43)

Noncontact topography imaging is convenient and it excludes the possibility of sample
damage or contamination by the direct contact between the AFM tip and the nanoelectrode. The
electrode shown in Fig. 1.10A has a 25−30 nm effective radius and seems ∼5 nm recessed into the
glass sheath. The triangular shape of the cross-section is due to the tip convolution effect.48 The
possibility that the AFM probe did not reach the bottom of the cavity indicates that the actual depth
may be larger. An image of a considerably recessed 52-nm electrode in Fig. 1.10B shows a 40 nm
deep cavity. In the case of a deeply recessed nanoelectrode, a sharper AFM probe should be used
for more accurate measurement. Recessed nanoelectrodes can be used for electrochemical
measurements in ultrasmall volumes, and AFM characterization of such probes can greatly
improve the reliability the experiments. On the other hand, imaging carbon based nanoprobes by
AFM is more challenging because of their thin glass sheath. It is difficult to establish contact
between the AFM probe and the sample.
The capability of the AFM for in-situ imaging in liquid solution allows one to monitor
surface reactions at nanoelectrodes. The main advantage is to visualize the changes of the electrode
surface resulting from the deposition/dissolution process and compare them to the corresponding
16

electrochemical data. For example, Fig.1.11A shows the AFM image of a 160-nm Pt electrode
after 25ms electrodeposition of Ag nanoclusters resulting silver protruding from the glass sheath
by 12 nm. Such data provides proof of the metal deposition in a short time scale. 49 Similarly, the
deposition of Pt black at nanoelectrodes to fabricate catalytic nanosensors can also be monitored
by AFM. Fig.1.11B shows that Pt black gradually filled the electrode cavity and eventually
protruded the glass sheath by ∼15 nm. 50

Figure 1.11 Non-contact topographic images of a 160 nm Pt nanoelectrode after Ag deposition (A)

49

and a 70 nm Pt nanoelectrode after Pt black deposition (B) 50.

1.5. Applications of the Nanoprobes.
1.5.1. Kinetics Study of Electron-Transfer Reactions. A nanometer-sized interface is
one of the best tools for studying fast electron-transfer (ET) kinetics. The advantages of steadystate voltammetry include low levels of charging current, ohmic potential drop and reactant
adsorption. The small size of a nanoelectrode is the origin of these advantages, and more
importantly, the mass-transport rate is greatly enhanced at such a small interface. The electron
transfer rate constant can be measured only if it is smaller than or comparable to the mass-transfer
coefficient, m. For a disk type nanoelectrode under steady-state conditions, m can be expressed as
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D/a. Thus, with D=10−5cm2/s, a=10nm corresponds to m = 10 cm/s, which allows one to determine
an ET rate constant up to ~50 cm/s. 10
A number of research groups have reported the ET kinetics of various redox couples by
steady-state voltammetry. For example, the rate constant of FcTMA+ oxidation (k0=4.8±3 cm/s) at
quasi-hemispherical Pt nanoelectrodesstudied was reported in ref.51. The kinetics of IrCl63oxidation was determined in ref.52, and k0=2.9±0.2 cm/s was obtained with similar hemispherical
Pt electrodes. Another kinetic study 53 employed Pt–Ir electrodes with extremely small sizes (down
to 1.1 nm) and determined the k0 values for FcTMA2+/FcTMA+ (1.1-11.9 cm/s) and
Fe(CN)63−/Fe(CN)64− (0.12-17.3 cm/s). The average rate constant values determined for the
oxidation reactions of Fc (3.4-13.4 cm/s), FcMeOH (0.5-18.8 cm/s), and IrCl63- (0.5-13 cm/s) were
reported in ref.54. Despite extensive efforts have been devoted in kinetics studies with
nanoelectrodes, one problem with previous experiments was that the dependence of the shape of
the steady-state voltammogram on kinetic parameters becomes weak when the reaction rate
approaches the diffusion limit. The possibility to fit the same experimental voltammogram using
different combinations of k0, α and E0’ results in significant uncertainties in extracted parameter
values. The reliability of the kinetic analysis can be improved by obtaining steady-state
voltammograms with both oxidized and reduced forms of redox species initially present in
solution. In this way, the thermodynamic parameter, formal potential, can be pre-determined and
will not be an adjustable parameter during the fitting. This approach was used to re-evaluate the
ET rate constants measured for several electroactive species, including Fe(CN)64-/Fe(CN)63-,
Fc/Fc+, TCNQ/TCNQ- and FcMeOH/FcMeOH+, at Pt electrodes. Additional improvements were
attained by characterizing the nanoelectrode geometry with the atomic force microscope (AFM)
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and using water with very low level of organic contaminants. A more detailed discussion will be
covered in Chapter 2.
1.5.2. Scanning Electrochemical Microscopy. The electrochemical nanoprobes can be
employed as tips in SECM. Extremely high mass transport rate can be achieved in a thin-layer cell
with a short separation distance between the substrate and the nanoprobe. In this way, rapid
kinetics of heterogeneous ET reactions were determined without a diffusion limitation, such as the
oxidation of FcMeOH (k0=6.8±0.7 cm/s), Fc (k0=8.4±0.2 cm/s), and the reduction of Ru(NH3)63+
(k0=17.0±0.9 cm/s), TCNQ (k0=1.1±0.04 cm/s) at Pt.
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In a similar manner, the kinetics of the

same ET reactions were measured at Au nanoelectrodes and compared to those studied at Pt tips.55
More recently, rapid ET kinetics at a macroscopic substrate were probed by positioning a tip at a
nanometer-scale distance from the substrate surface. For example, the ET kinetics of TCNQ
reduction at macroscopic Pt (k0=7cm/s),
water
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FcTMA+ oxidation at HOPG (17cm/s) in ultrapure

and FcMeOH oxidation at a single PMMA-free graphene (k0≥25cm/s)
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have been

reported.
Apart from the kinetics study, an SECM equipped with a nanoprobe can be used to obtain
topographic and electrochemical activity images of various substrates. The resolution of such
images is governed by the tip size and the tip-substrate distance. For example, SECM images of
individual catalytic Au nanoparticles
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and Pd nanocubes
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were obtained using Pt disk

nanoelectrodes of comparable sizes. The evaluation of enzyme activity in cells and tissues was
achieved via feedback61,62 and generation-collection mode.63 The electron-transfer reactions of
redox species that occur at redox-active enzymes was detected and the apparent kinetics of the
enzyme catalysis were measured. SECM also provided quantitative estimates of the activities of
electrocatalysts towards complex electrode reactions such as oxygen reduction reaction (ORR),64-
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oxygen evolution reaction (OER)67 and hydrogen evolution reaction (HER).68 These studies are

of particular interest in fuel cells and photocells as promising power sources. For instance, ref.64
reported the usage of tip generation-substrate collection mode for rapid array imaging of catalysts
and revealed the Pt nanoparticle shape effect to the catalytic activity towards ORR.
Electrochemistry at individual metal nanoparticles (NPs) can provide new insights into
their electrocatalytic behavior. By employing extremely small (3 nm radius) Pt nanoelectrodes as
tips in SECM, the electrochemical activity of single AuNPs attached to the catalytically inert
carbon surface is mapped. The use of such small probes resulted in the spatial resolution
significantly higher than in previously reported electrochemical images. The currents produced by
either rapid electron transfer or the electrocatalytic hydrogen evolution reaction at a single 10 or
20 nm NP were measured and quantitatively analyzed. The developed methodology should be
useful for studying the effects of nanoparticle size, geometry, and surface attachment on
electrocatalytic activity in real-world application environment. More discussion of this
methodology will be included in Chapter 3.
Quantitatively investigation of electrochemical reactions occurring at NP surface can be
achieved by obtaining an approach curve. The theory is developed for SECM current vs distance
curves obtained with a disk-shaped tip approaching a comparably sized, surface-bound conductive
or insulating spherical NP. The possibility of evaluating the size of a surface-bound particle by
fitting the experimental current−distance curve to the theory is shown for NPs and tips of different
radii. In Chapter 4, the SECM theory and methodology of using SECM for NP size evaluation will
be described.
SECM can be used to detect intermediates and study the reaction mechanism. A general
approach is to generate redox-active intermediates at substrate that are subsequently collected by
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tip electrodes. For example, H2O2 generated from a porphyrin monolayer immobilized on
polycrystalline gold via oxygen reduction was detected by a Pt nanoelectrode tip and the kinetic
information relevant to electrocatalyst substrate was extracted.66 Alternatively, charged
intermediates can be detected by ion transfer across the pipette supported liquid-liquid interface.
SECM equipped with a nanopipette filled with an organic phase was used to detect and identify a
short-lived superoxide intermediate during the ORR at the catalytic Pt substrate.37 The half-wave
potential of the superoxide anion transfer was used for unambiguous identification of this
intermediate. The generation rate of the superoxide anion at the catalytic Pt substrate and its
lifetime in aqueous solution were also evaluated by combination of experimental data with
mathematical modeling and simulations.
A variety of studies have demonstrated the possibility of micro/nano-fabrication by SECM.
It can be carried out by metal deposition69 and etching,70 semiconductor etching,71 formation of
conducting polymers72 and self-assembled monolayers73 and other surface modifications with high
spatial resolution. The local electro-grafting of diazonium species is a promising approach to
surface doping and related properties tailoring. Molecular graft of a diazonium film on a highly
ordered pyrolytic graphite was realized via the egress transfer of aryl diazonium cation across the
liquid/liquid interface supported at the nanopipette tip.36
1.5.3. Single Nanoparticle Electrochemistry. Nanoparticles have attracted significant
research interest because of their applications in catalysis, energy conversion and storage. The use
of ensembles of nanoparticles often obscures the effects of variations in size, shape, and local
environment on their catalytic activity. Different strategies have been developed to perform
experiments at single NPs. The extremely small nanoelectrodes can support single nanoparticles
and probe their electrochemical response. A number of groups reported the immobilization of
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single metal nanoparticles on modified Pt,46 Au,74 and carbon29 nanoelectrodes. The catalytic
properties of individual Au nanoparticles towards ORR46 and HER29 have been studied in this way.
In addition to its small size, the surface of a carbon nanoelectrode is catalytically inert, which
makes it an excellent substrate for studying electrocatalytic reactions at the attached nanoparticles.
Different approaches to attaching NPs to either chemically modified or bare nanoelectrodes are
available, and the immobilization methods can affect the catalytic behavior of NPs. The developed
methodology should be useful for studying the effects of NP size, geometry, and surface
attachment on the electrocatalytic activity. The electrochemical response from single nanoparticles
obtained in such way will be presented and discussed in Chapter 5.
Stochastic electrochemistry is another way to study single nanoparticles. In such
experiments, nanoparticles colliding with an inert electrode surface are observed through
electrochemical amplification by electrocatalysis. The electron transfer of a given reaction occurs
only when a nanoparticle comes into contact with the electrode, and the collision current can be
collected due to the low background of nanoelectrodes/UME. By analyzing the event frequency,
the current magnitude and the shape of the current transient, critical information about the size,
shape, and catalytic activities could be obtained. 75
1.5.4. Biological Sensing. Electrochemical investigations of biomolecules have captured
researchers’ attention because of their significance in the fundamental understanding of electron
transfer in life processes. Nanometer-sized devices offer substantial potential for probing
biological systems. For instance, the activation of macrophage cells results in the production of
reactive oxygen and nitrogen species (ROS and RNS) that are essential for protecting a human
body against bacteria and viruses. To determine ROS and RNS inside macrophages, nanometersized probes are needed for cell penetration and intracellular experiments. Pt black nanoelectrodes
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were prepared by electrodepositing porous Pt into a nanocavity of a nanoelectrode. 50 The active
surface area of such probes is sufficiently large to yield stable and reproducible responses to ROS
and RNS in vitro. Other examples include utilizing carbon-based nanoprobes to monitor oxygen
consumption outside and inside a brain slice27, real-time monitoring dopamine release from single
living vesicles with carbon fiber nanoelectrodes76 and using platinized carbon nanoelectrodes as
potentiometric probes to measure membrane potential of human mammary tumor cells.77
Sampling ultra-small volumes of liquids for analysis is essential in physiology and cell
biology. Nanometer-sized quartz pipettes with a layer of carbon deposited on the inner wall offers
the possibility for sampling atto-liter to pico-liter volumes of fluids and determining redox species
by voltammetry and coulometry. Very fast mass-transport inside the carbon-coated nanocavity
allows for rapid exhaustive electrolysis of the sampled material. By using a carbon pipette as the
tip in the scanning electrochemical microscope (SECM), it can be precisely positioned at the
sampling location. The developed device is potentially useful for fluids sampling from biological
cells and in-vivo electrochemical sensing in biological cells. More detailed descriptions will be
covered in Chapter 6.
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Chapter 2. Electron-Transfer Kinetics at Nanoelectrodes

2.1. Introduction
Numerous attempts to measure kinetics of rapid heterogeneous electron transfer (ET)
reactions by various electrochemical techniques have been made during the last several decades.1
A heterogeneous ET rate constant can be measured only if it is smaller than or comparable to the
mass-transfer coefficient (m) attainable with the employed electrochemical technique.1,2 The
introduction of nanometer-sized electrodes in 1980s - ‘90s 3-11 has led to a significant increase in
the mass-transfer rate attainable under the steady-state conditions and alleviated the problems
caused by resistive potential drop in solution and double layer charging current, which affected the
reliability of earlier kinetic experiments at larger interfaces.1,12,13
To further increase the mass-transfer rate, nanoelectrode can be used as a tip in the scanning
electrochemical microscopy (SECM) operated in a feedback mode and brought close to a
conductive substrate (Fig. 2.1A).14 With the tip/substrate separation distance (d) significantly
smaller than the tip radius (a), positive SECM feedback produced by fast cycling of the redox
mediator between the two working electrodes results in a very high m value. The kinetic
parameters of the ET reaction occurring at the tip can be extracted from the steady-state
voltammogram that is obtained by sweeping the tip potential (ET) while the substrate potential (ES)
is fixed at a constant value corresponding to the diffusion-controlled regeneration of the
mediator.15 Using this approach, we have previously measured the kinetics of several rapid outersphere ET reactions at nanometer-sized Pt16 and Au17 tips. For each ET process, the kinetic
parameters were extracted from a number of voltammograms obtained at different tip radii and
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separation distances. In this way, we hoped to minimize the errors resulting from inaccurate
evaluation of a and d, flawed geometry of a particular tip, imperfect tip/substrate alignment, and
other factors that could not be fully controlled in nanoelectrochemical experiments. The obtained
results were self-consistent, with the standard rate constant (k0) and transfer coefficient (α) values
essentially independent of a and d, and the measured rates were significantly higher that most k0
values previously reported for the same ET processes.
More recent results suggest that the data reported in ref. 16 should be reevaluated. The
imperfections in nanoelectrode geometry (including the recess of the electrode surface into the
insulator18, 19) may result in major errors in measured ET kinetics. Our ability to characterize the
geometry improved significantly after the methodology was developed for AFM imaging of
nanoelectrodes.20 The importance of thorough characterization became more apparent since the
Amemiya group showed that a nanoelectrode can easily be damaged unless appropriate protection
is used to avoid the electrostatic discharge (ESD).21 In this work, we used ESD protection and
performed AFM imaging to ensure that the electrodes used in kinetic experiments were properly
shaped.
A few recent studies indicated that heterogeneous ET kinetics may be faster than those
reported in refs. 16 and 17. Kim and Bard22 obtained k0 = 36 cm/s for the Ru(NH3)63+ reduction
at the electrodeposited Pt nanoparticles. Amemiya group investigated the effect of the electrode
surface contamination by adsorption of organic impurities on apparent ET rates and measured very
fast rate constants in solutions made with high-purity water.23 Although only carbon electrodes
were used in Ref. 23 and no similar data has been reported for ET at Pt, here we employed a
Millipore system equipped with a VOC Pak to decrease the total organic carbon (TOC) in water
to ≤ 1 ppb.
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Another problem not recognized in previous ET studies is that the shape of a quasireversible steady-state voltammogram depends weakly on kinetic parameters. For near-Nernstian
processes, the same experimental voltammogram can be fit to the theory using different
combinations of kinetic parameters with only minor adjustments in the formal potential (E°′). This
issue was revealed in analysis of steady-state voltammograms of ion-transfer across the
liquid/liquid interface24 whose shape is essentially equivalent to that of quasi-reversible ET
voltammograms. In Ref. 24, the unique fit of the experimental steady-state voltammogram to the
theory was obtained by adding transferable ions to both liquid phases and obtaining two
voltammetric waves. A conceptually similar approach to measurements of rapid ET kinetics at
nanoelectrodes developed below requires both oxidized (O) and reduced (R) forms of redox
species to be simultaneously present in solution. For many redox couples [e.g., ferrocene (Fc) or
ferrocenemethanol (FcMeOH)], one of two forms has to be generated in situ because of its
relatively short lifetime in solution. This was done by positioning a nanoelectrode SECM tip at a
relatively short distance (d ≈ 2 µm) from the 2 mm diameter Pt disk substrate (Fig.2.1B). The
substrate potential (ES) was adjusted to produce the desired ratio of O and R concentrations (𝑐𝑂∗ /𝑐𝑅∗ )
near its surface, according to the Nernst equation:
𝑐∗

𝑅𝑇

𝐸𝑆 = 𝐸°′ + 𝑛𝐹 ln 𝑐𝑂∗
𝑅

(2.1)

where R is the gas constant, T is the temperature, n is the number of transferred electrons, and F is
the Faraday constant. The separation distance of ~2 µm was too long (d >> a) for the SECM
feedback to contribute to the tip current, but very short in comparison to the diffusion layer
thickness at a macroscopic substrate. This substrate generation/tip collection (SG/TC) setup
resulted in negligibly small concentration gradients in the tip proximity (see below) and allow the
"bulk" 𝑐𝑂∗ and 𝑐𝑅∗ values to be varied by changing the ES.
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In this section, we aim at improving the reliability of nanoelectrochemical kinetic
experiments rather than at setting a new record for the fastest measured rate constant. Therefore,
we implemented several safeguards to avoid some anticipated pitfalls at the cost of not attaining
the highest possible mass-transfer rate. These include not using very small nanoelectrodes
(a ≤15 – 20 nm) that could not be visualized by AFM and would raise a question about possible
deviations from the classical electrochemical theory.25,26 Similarly, the feedback mode of the
SECM operation was not used because the geometry of the tip/substrate nanogap is harder to
ascertain than that of a single nanoelectrode and the possibilities of non-classical behavior27,28 and
other experimental issues in such experiments.29,30 The kinetic parameters reported below were
obtained from voltammograms that were fitted to the theory with the dimensionless rate constant
(K = 𝜋𝑎𝑘 0 /4𝐷𝑂 , where DO is the diffusion coefficient of species O) values ≤4, as opposed to the
K = 10 reversibility limit used in most previous studies.15,16,31 With these safeguards, the k0 values
up to 15 – 20 cm/s could be measured confidently, and we have not tried to re-evaluate the kinetics
of Ru(NH3)63/2+ oxidation/reduction at Pt for which a higher k0 value can be expected.16,22

Figure 2.1 Schematic representation of the (A) ET reaction in a feedback mode SECM experiment and
(B) geometric parameters for the SG/TC mode of the SECM operation.
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2.2. Experimental Section
Chemicals. Ferrocenemethanol (FcMeOH, 97%, Alfa Aesar) and ferrocene (Fc, 98%,
Sigma-Aldrich) were sublimed before use. Tetrabutylammonium hexafluorophosphate (TBAPF6,
98%, TCI America) was recrystallized from ethanol (99.9%, Sigma-Aldrich). Potassium
hexacyanoferrate (II) trihydrate (K4Fe(CN)6·3H2O, 99.95%), potassium ferricyanide (K3Fe(CN)6,
99%), potassium chloride (KCl, 99%), perchloric acid (HClO4, 70%) and acetonitrile (99.9%) were
purchased from Sigma-Aldrich and used as received. 7,7,8,8-tetracyanoquinodimethane (TCNQ,
98%, Sigma-Aldrich) was recrystallized from acetone. All aqueous solutions were prepared using
deionized water from the Milli-Q Advantage A10 system (Millipore) equipped with Q-Gard T2
Pak, a Quantum TEX cartridge and a VOC Pak with total organic carbon (TOC) ≤ 1 ppb.
Electrodes and voltammetry. Pt disk nanoelectrodes were prepared by pulling and heat
sealing 25 μm-diameter Pt wires into borosilicate glass capillaries with a P-2000 laser pipette puller
(Sutter Instrument Co.) and polishing under video microscopic control, as described previously.16
The electrode radii varied from 15 nm to 1 μm and the RG (i.e., the ratio of glass sheath, rg to a)
varied from 10 to 20. Voltammograms were obtained with either an EI-400 bipotentiostat (Ensman
Instruments) or a 760E bipotentiostat (CH Instrument) inside a Faraday cage. The two-electrode
setup was used with an Ag/AgCl (3M KCl) reference electrode (Bioanalytical Systems). The
nanoelectrodes were electrochemically cleaned in a 0.5 M HClO4 solution before use.
SECM setup and procedures. SECM experiments were carried out using a previously
described home-built instrument.32 The nanoelectrode tip was positioned a few tens of micrometers
above the substrate surface with the help of a long-distance video microscope. The tip was then
brought closer to the substrate in an automated mode until the monitored tip current changed by
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10%. In the negative feedback mode, a bare glass slide was used as an insulating substrate to check
the tip geometry. A macroscopic Pt electrode (2 mm diameter, CH Instruments) was used as a
conductive substrate and a Pt wire was used as the counter electrode. All experiments were carried
out at room temperature (23 ± 2 °C) inside a Faraday cage.
AFM imaging. An XE-120 scanning probe microscope (Park Systems) was employed to
obtain AFM images of the nanoelectrodes. PPP-NCHR AFM probes (Nanosensors) were used for
noncontact imaging.

The procedures for AFM imaging of nanoelectrodes were reported

previously.20
2.3. Results and Discussion
Analysis of steady-state voltammograms. Considering a simple, quasi-reversible onestep ET reaction at the disk electrode surface
𝑘𝑓
O + e− ⇆ R
𝑘𝑏

(2.2)

The heterogeneous rate constants given by the Butler-Volmer model1 are
𝑘𝑓 = 𝑘 0 𝑒𝑥𝑝 [−𝛼

𝐹
′
(𝐸 − 𝐸 0 )]
𝑅𝑇

𝑘𝑏 = 𝑘 0 𝑒𝑥𝑝 [(1 − 𝛼)

𝐹
′
(𝐸 − 𝐸 0 )]
𝑅𝑇

(2.3)
(2.4)

With the excess supporting electrolyte present in all our experiments, the migration current
is negligible, and the time-dependent, two-dimensional axisymmetric diffusion problem for a diskshaped nanoelectrode was formulated in cylindrical coordinates and solved using COMSOL
Multiphysics v4.4 (see Fig. 2.1A for simulation geometry). The electrodes used in this work had
the insulating glass much thicker than the conductive metal (RG = rg/a ≥ 10, is the radius of the
glass insulator at the tip) and were essentially equivalent to an inlaid disk.) The diffusion of the
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redox molecules reaches steady-state at a moderate potential sweep rate, v, at a nanoelectrode. The
time required to reach a steady state is determined by the dimensionless sweep rate33
𝜎=

𝑎2 𝐹𝑣
4𝐷𝑂 𝑅𝑇

(2.5)

In general, the mass-transfer process at a microdisk attains a steady state if σ < ~10-2. In a typical
voltammetric experiment at a nanoelectrode, σ is several orders of magnitude smaller (e.g., for v
= 50 mV/s, a = 50 nm and D = 1×10-5cm2/s, σ ≈ 10-5), and its value does not affect the shape
simulated voltammograms. For kinetic analysis, the steady-state current was normalized by either
the anodic (ia,∞) or the cathodic (ic,∞) diffusion limiting current
𝑖𝑎,∞ = 4𝐹𝐷𝑅 𝑐𝑅∗ 𝑎

(2.6)

𝑖𝑐,∞ = 4𝐹𝐷𝑂 𝑐𝑂∗ 𝑎

(2.7)

The difficulties in extracting a unique set of kinetic parameters from a conventional steadystate voltammogram, consisting of a single anodic or cathodic current wave, are illustrated in Fig.
2.2. In two sets of simulated anodic (upper half) and cathodic (lower half) voltammograms shown
in Fig. 2.2A, very similar curves were obtained for completely different K and  values (ranging
from 0.3 to 0.7 and from 0.4 to 4.0, respectively) with only minor adjustments of the E°′ (±20 mV).
The differences between these curves are within the range of uncertainties in experimental
nanoelectrode voltammograms caused by capacitive and background currents.

This result

indicates that an experimental quasi-reversible voltammogram can be fitted to the theory using
different combinations of E°′, k0 and α.

The resulting significant uncertainties in kinetics

parameters extracted from the conventional steady-state voltammograms. The faster the rate
constant the weaker the dependence of the shape of a conventional steady-state voltammogram on
kinetic parameters and the larger the uncertainties in k0 and α values extracted from it.
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Figure 2.2 (A) Anodic (top) and cathodic (bottom) voltammograms of a simple one-step ET at a disk
nanoelectrode simulated for different combinations of K, α and E0’and (B) corresponding
voltammograms calculated for the same reaction with both O and R species simultaneously present in
solution. (A) The E and E0' are related to the same reference potential. (B) The current is normalized by
i∞ = ia,∞ = ic,∞.

When both O and R forms are present in solution, the steady-state voltammogram (Fig.
2B) contains a zero-current point, corresponding to the equilibrium potential Eeq,
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𝐸𝑒𝑞 = 𝐸 0′ +

𝑅𝑇 𝑐𝑂∗
𝑙𝑛 ∗
𝐹
𝑐𝑅

(2.8)

The E0' value is exactly defined by Eq. (2.8) and is no longer an adjustable parameter in fitting an
experimental voltammogram to the theory. The steady-state voltammograms in Fig. 2.2B were
simulated for the same K and α values as in Fig.2.2A, but with both O and R forms present in
solution (ia,∞ = ic,∞ = i∞). The differences between the voltammograms in Fig. 2.2B are much larger
than the differences between the corresponding curves in Fig.2.2A, suggesting that the
uncertainties in K and α values obtained by fitting the experimental data to the theory should be
much lower.
An approximate equation for quasi-reversible steady-state voltammograms with both
forms initially present was derived to facilitate the extraction of the kinetics parameters from the
experimental curves:
𝑖
𝑖𝑐,∞

= [(𝜃 − 1)

𝑖𝑎,∞
𝜋 2𝜅𝜃 + 3𝜋
− 1] / (𝜃 +
)
𝑖𝑐,∞
𝜅 4𝜅𝜃 + 3𝜋 2

(2.9)

where
𝜃 =1+

𝑖𝑐,∞
𝐹
𝑒𝑥𝑝 [
(𝐸 − 𝐸𝑒𝑞 )]
𝑖𝑎,∞
𝑅𝑇

(2.9𝑎)

𝛼

𝑐𝑅∗
𝐹
𝜅 = 𝐾 ( ∗ ) 𝑒𝑥𝑝 [−𝛼
(𝐸 − 𝐸𝑒𝑞 )]
𝑐𝑂
𝑅𝑇

(2.9𝑏)

The dimensionless current is normalized by the cathodic diffusion limiting current ic,∞. One should
notice that all variables in Eqs. (2.9) are expressed in terms of directly measurable experimental
quantities, i.e., ia,∞, ic,∞, and Eeq. The 𝑐𝑅∗ /𝑐𝑂∗ value is either known or can be found from the ia,∞/ic,∞
ratio. When only one form of redox species is initially present (e.g., cR* = 0), Eq. (2.9) can be
reduced to the Oldham-Zoski equation for a steady-state voltammogram at the inlaid disk
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electrode.34 The numerical results obtained by COMSOL Multiphysics simulations (solid lines in
Fig. 2.3) fit Eq. (2.9) (symbols in Fig. 2.3) within less than 1% .

Figure 2.3 Voltammograms obtained from simulations (solid lines) and calculated from Eq. (2.9)
(symbols). ia,∞ = ic,∞. (A) α = 0.5; (B) K = 2; (C) K = 5.

Although the voltammograms calculated for K =1, 2 and 5 (read, green, and blue curves in
Fig. 2.3A) are significantly different and can be easily differentiated from each other and the
Nernstian curve (black curve in Fig. 2.3A), the differences between voltammograms obtained with
K = 5 and different α value (Fig. 2.3C) are relatively small. Thus, the kinetic parameters values
were extracted from the experimental curves fitted to the theory with K ≤ 4.
Characterization of Nanoelectrodes. The geometry of polished Pt nanoelectrodes used
in kinetic experiments was characterized by the combination of AFM imaging, cyclic voltammetry
and SECM. Fig. 2.4A shows a topographic AFM image of a typical ~60-nm-radius Pt electrode.
The non-contact AFM mode was chosen to avoid damage to or contamination of the electrode
surface. From the shown cross section, one can see that the electrode surface is well-polished (the
roughness of the glass insulator is <1 nm) and essentially flat. The Pt surface is recessed into glass
by ~2 nm, which is <1/20 of a; such a small recess depth has a negligible effect on the i∞ value,
the shape of the steady-state voltammogram or SECM approach curves.35
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The voltammogram of the same nanoelectrode shown in Fig.2.4B is fully retraceable, with
a flat current plateau and negligibly low charging current. The effective radius, a = 57 nm, was
calculated from ia,∞ = 17 pA using Eq. (2.6) with DR = 7.8×10-6 cm2/s 16 and CR* = 1 mM. This a
value is in good agreement with the AFM image in Fig. 2.4A. It was further validated by fitting
an SECM current-distance curve obtained with the same nanoelectrode tip approaching the bare
glass surface (symbols in Fig. 2.4C) to the theory (solid line). The experimental data fit well the
theory until the insulting sheath of the tip starts touches the substrate at d/a ≈ 0.1. With a large
RG (>10), such a small separation distance could be attained only with a flat and well-polished tip
surface. The effective radius, a = 59 nm extracted from Fig. 2.4C agrees with the values obtained
from voltammetry and AFM imaging within 5%.

Figure 2.4 300 × 300 nm2 noncontact AFM topographic image of a 58-nm-radius Pt electrode (A),
steady-state voltammogram recorded at the same electrode (B), and current-distance curve obtained by
using this nanoelectrode as an SECM tip (C). Solution contained 1 mM FcMeOH and 0.2 M KCl. (B)
v = 20 mV/s. (C) Experimental curve (symbols) was fitted to the theory for pure negative feedback 7
(solid line) with a = 59 nm and RG = 10. The tip current is normalized by i∞ = 17 pA.

ET kinetics from steady-state voltammograms.

Because both forms of

hexacyanoferrate are stable in aqueous solution, the ET kinetics could be extracted from steadystate voltammograms obtained with oxidized and reduced forms present in the bulk solution (Fig.
34

2.5). The voltammogram in Fig. 2.5A was obtained at the 185-nm-radius Pt electrode in solution
containing 5 mM of both Fe(CN)64- and Fe(CN)63- and 1 M KCl. The ia,∞/ic,∞ ratio, 240 pA/265
pA = 0.91 is consistent with the literature values of DR=6.7×10-6 cm2/s and DO = 7.3×10-6 cm2/s,36
corresponding to DR/DO = 0.92. The zero-current potential, Eeq = 162 mV corresponds to E0ʹ =
162 mV vs. Ag/AgCl, according to Eq. (2.8).
In Fig. 2.5B, the current was normalized by ic,∞ = 265 pA and the experimental
voltammogram was fitted to the theoretical curve calculated from Eq. (2.9). The kinetic parameter
values extracted from this and similar voltammograms recorded at 15 different Pt nanoelectrodes
are summarized in Table 2.1. The k0 and α values obtained over range of a = 91~625 nm show
modest variation (k0= 0.82 ± 0.11cm/s and α = 0.44 ± 0.02; the uncertainties are 95% confidence
intervals) and no strong correlation with the electrode size.

Figure 2.5 Steady-state voltammogram of 5 mM Fe(CN)64- and 5mM Fe(CN)63- in 1M KCl obtained
with a 185nm-radius nanoelectrode (A). The scan rate was 50mV/s.

Theoretical (red line) and

experimental (blue symbols) voltammograms from panel A (B). The current was normalized by ic,∞=
265pA.
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It’s interesting to compare our data with previously reported results. Relatively lower k0s
of Fe(CN)64-/Fe(CN)63- in KCl and other electrolytes at Pt (0.2-0.3cm/s) were obtained with
macroscopic

37-38

or micrometer sized electrodes

39-42

. The measurements with macroscopic

electrodes are affected by uncompensated resistive potential drop in solution, and the electrode
kinetics become mass-transport limited as k0 approaches ~0.5cm/s for microelectrodes, which may
result in an underestimation of the rate constant. Another work reported a wide range of measured
k0 (0.12-17.28cm/s),
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which has a strong correlation to the electrode sizes, and the electrodes

used are difficult to characterize due to their extremely small sizes. The k0s (0.7-1.1cm/s) of
Fe(CN)64-/Fe(CN)63- examined at nm-sized probes, i.e. etched Pt wire with an insulating coating10,
are in consistent with our reported value.
Table 2.1 Kinetic Parameters of Fe(CN)64-/Fe(CN)63- in 1M KCl solution
a (nm)

K

k0 (cm/s)

α

1030

>10

reversible

0.42

625

4.55

0.68

0.46

462

3.42

0.68

0.42

395

2.69

0.63

0.42

273

2.54

0.86

0.43

230

2.04

0.82

0.43

217

2.05

0.88

0.46

192

1.80

0.87

0.42

187

1.65

0.82

0.45

185

1.67

0.84

0.41

184

2.05

1.03

0.45

150

1.25

0.77

0.43

147

1.18

0.74

0.41

142

1.60

1.05

0.47

91

0.84

0.86

0.44
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Figure 2.6 Linear diffusional concentration versus time curve at x=2μm (A), concentration versus
distance curve at t=30s (B) calculated by Eq.2.10 and simulated 2D concentration profile at t=30s (C).
Oxidation reaction takes place at the tip, a=100nm, substrate potential E=E0’ and DO=DR.

Another ET reaction we investigated here is the redox couple of ferrocene (Fc)
/ferrocenium (Fc+) in acetonitrile solution. Unlike regular redox mediators, the oxidized form, Fc+,
is highly unstable because of the decomposition by dissolved oxygen.44 Here the SECM substrate
generation/tip collection (SG/TC) mode was employed to in situ generate the unstable form. A
macroscopic Pt electrode used as the substrate was biased at an oxidation potential, E, to generate
Fc+. The linear diffusion concentration profile of Fc+ near the substrate surface can be described
by Eq.2.10 1
𝑐𝑂 (𝑥, 𝑡) =

𝑐𝑅∗ 𝜉
𝑥
𝑒𝑟𝑓𝑐 (
)
′
1 + 𝜉𝜃
2√𝐷𝑡

(2.10)

where θ’=exp[F(E0’–E)/RT], ξ=√𝐷𝑅 /𝐷𝑂 , x is the distance to the substrate, t is the time after
switching potential and cR* is the bulk concentration of Fc. The concentration versus time and
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distance curves with E=E0’ are displayed in Fig.2.6A and Fig.2.6B respectively. One can find the
local concentrations at x=2μm becomes stable after 30s, and the concentration distribution near
this point is essentially uniform. A nanoelectrode used as the tip was placed 2μm away from the
underlying substrate to ensure the accessibility to freshly generated Fc+ (Fig.2.6C). Unlike the
experiments operated by the feedback mode, the mass-transfer rate is not affected by the distance
because of negligible regeneration of the redox molecules at this separation distance.

Figure 2.7 Steady-state voltammograms of 2mM Fc in 0.5M TBAPF6 obtained with a 58nm-radius
nanoelectrode (A). Tip-substrate distance was 2μm and the substrate potentials are E=0mV (red), 420mV
(black) and 600mV (blue) respectively. v= 50mV/s. Theoretical (red line) and experimental (green
symbols) data of the black curve in panel A (B). The current was normalized by ic,∞=-39pA.

Fig.2.7A shows the voltammograms of 2mM Fc obtained with a 58nm-radius
nanoelectrode (same electrode shown in Fig.2.4) under different substrate potentials. The red and
the blue curves correspond to pure oxidation and reduction, respectively. The voltammogram of
the Fc/Fc+ couple (black curve) is used for kinetics analysis. According to ia,∞=54pA, ic,∞=39pA
read from the voltammogram, and DO/DR=0.78 (DO=1.6×10-5cm2/s, DR=2.05×10-5cm2/s)45, one
can determine the concentration ratio, CO*/CR*=0.92 (i.e. CO*=0.96mM and CR*=1.04mM).
Similarly, the equilibrium potential Eeq=416mV could be directly determined. The experimental
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data was then fitted to the theory, and K=3.88 (k0=13.6cm/s), α=0.49 were extracted from the
fitting.
Unlike the previously studied redox couple, Fe(CN)64-/Fe(CN)63-, the Fc/Fc+ showed much
faster ET rate, where much smaller electrodes are needed to enhance the mass-transfer rate.
Table.2.2 lists the obtained kinetics data for Fc/Fc+ at Pt nanoelectrodes. One can find that
nanoelectrodes with a≤60 nm are needed to obtain useful quasi-reversible voltammograms. The
mean value of the kinetic parameters are k0=12.8±0.6cm/s and α=0.50±0.02. The determined rate
constant is slightly higher compared with previous reports where nanoelectrodes were employed
(k0 =7.6-8.4cm/s).16-17,41 An extremely high k0=220cm/s was reported in the work where a 1.1nm
electrode was used 6, the reliability is questioned due to the lack of adequate evaluation of the
electrode geometry.
Table 2.2 Kinetic parameters of Fc/Fc+ in 0.5M TBAPF6 acetonitrile solution.
α

a (nm)

K

k0 (cm/s)

119

≥8

reversible

64

3.98

12.9

0.52

63

3.78

12.2

0.49

58

3.88

13.6

0.49

53

3.45

13.2

0.55

47

2.84

12.3

0.49

44

2.91

13.5

0.50

40

2.65

13.5

0.50

38

2.25

12.1

0.51

37

2.20

12.1

0.48

35

2.21

12.8

0.50
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The ET kinetics of ferrocenemethanol/ferrocenemethanol cation (FcMeOH/FcMeOH+) in
aqueous solution was investigated with the methodology described above, i.e. the unstable
FcMeOH+ is generated in-situ by a macroscopic electrode in the SECM SG/TC mode. Fig.2.8A
shows the voltammograms of FcMeOH under different substrate potentials. According to the
diffusion coefficient ratio DO/DR=1.12 (DFcMeOH+= 8.8×10-6cm2/s, DFcMeOH=7.8×10-6cm2/s) 21 and
the diffusion limiting currents read from the voltammograms, the bulk concentration ratios are
CO*/CR*= 0.63 and 0.91 for the blue and green curves, respectively. The formal potential E0’=189
mV determined from Eeq=177 mV of the blue curve is in consistence with that determined from
Eeq=187 mV of the green curve. The experimental data was fit to the theory and both curves show
Nernstian behaviors, i.e. K>10 and the electron transfer rate constant k0 is beyond the measuring
limit.

Figure 2.8 Steady-state voltammograms of 1mM FcMeOH in 0.2M KCl obtained with a 26-nm-radius
nanoelectrode (A). Tip-substrate distance was 2μm and the substrate potentials are E=0mV (black),
E=175mV (blue), E=185mV (green) and 400mV (red) respectively. The scan rate was 10mV/s.
Theoretical (red lines) and experimental (blue and green symbols) data corresponds to the blue and green
curves in panel A (B). The currents were normalized by ic,∞=-3.5pA and ic,∞=-4.5pA respectively.
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More data obtained with nanoelectrodes of comparable sizes is shown in Table.2.3.
Reversible voltammograms were highly reproducible. Fabricating even smaller nanoelectrodes
and fully characterizing them is challenging. At this stage it is difficult to confidently evaluate the
rate constant value of FcMeOH/FcMeOH+. Given the fact that the shape of the voltammogram
with K>5 is hardly distinguishable from the ones with K>10, we use K=5 and amin=23nm to give
a measuring limit, k0lim=4DOK/πamin =22cm/s. This k0≥22cm/s is much higher than the ones
previously reported (6.8cm/s measured with 25-290nm Pt nanoelectrodes16 and 8cm/s measured
with 55-153nm Au nanoelectrodes17). In previous studies, organic contamination introduced to the
solution may partially passivate the electrode and slow down the ET rate. 23 Ultrapure water used
in this work should effectively prevent the Pt surface from being contaminated by the organic
impurities, which may be the cause for observing higher k0. The determined rate constant is similar
to the k0 of FcTMA+ at HOPG (≥17cm/s) 23 where ultrapure water was used to prevent significant
contamination of the electrode surface.
Table 2.3 Kinetic Parameters of FcMeOH/FcMeOH+ in 0.2M KCl Aqueous Solution
a (nm)

K

k0 (cm/s)

83

>10

reversible

42

>10

reversible

40

>10

reversible

36

9.5

reversible

28

>10

reversible

26

>10

reversible

23

>10

reversible
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The ET kinetics of the TCNQ/TCNQ- in acetonitrile solution was evaluated in the similar
way. Fig.2.9A shows the steady-state voltammograms of 2mM TCNQ obtained with a 67-nmradius nanoelectrode under different substrate potentials. When the substrate potential was placed
at 200 mV and -250 mV, only reduction wave (red) or oxidation wave (purple) at the tip were
observed. The ratio DO/DR=1.06 was obtained from the limiting currents of the red and purple
voltammograms and is consistent with literature value47. DO=1.6×10-5 and DR=1.5×10-5 were
evaluated with well characterized microelectrodes and were comparable to the previous report.4850

The voltammograms (black, blue and green) containing both waves were normalized by the

cathodic diffusion limiting currents and fit to Eq.2.9. The bulk concentration ratio, CO*/CR*=0.95
determined for the blue curve and Eeq= 71 mV were used as fixed parameters to extract K=2.75
and α=0.49. Similar kinetic parameters K=2.76, α=0.48 and K=2.8, α=0.49 were obtained from
the black and green curves respectively and they are in good agreement with each other.

Figure 2.9 Steady-state voltammograms of 2 mM TCNQ in 0.5M TBAPF6 obtained with a 67-nm-radius
nanoelectrode (A). Tip-substrate distance was 2μm and the substrate potentials were E=200mV (red), 40mV (green), -70mV (blue), -100mV (black) and -250mV (purple) respectively. v=50mV/s.
Theoretical (red lines) and experimental data (black, blue and green symbols) of corresponding curves
in panel A (B). The current was normalized by ic,∞= -21pA, -38pA and -48pA respectively.
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Table.2.4 lists the determined kinetics data for TCNQ/TCNQ- at Pt nanoelectrodes. The
mean value of the kinetic parameters are k0=8.2±1.5cm/s and α=0.47±0.03. The determined rate
constant is significantly higher compared with previous reports employing macroscopic or microsized electrodes (k0 =0.005-2.9cm/s)47-49. In ref 16, although nanoelectrodes were used to obtain
ideal quasi-reversible voltammograms, very low k0 =1.1cm/s was obtained. On the other hand, the
kinetics parematers (k0<7cm/s) obtained with nanogap voltammetry with SECM50 were in
consistence with this work.
Table 2.4 Kinetic Parameters of TCNQ/TCNQ- in 0.5M TBAPF6 Acetonitrile Solution
a (nm)

K

k0 (cm/s)

α

155

9.70

reversible

0.45

130

3.80

5.9

0.47

128

6.15

9.8

0.50

102

3.90

7.8

0.55

81

3.30

8.3

0.50

75

3.98

10.8

0.43

75

2.25

6.1

0.44

69

2.30

6.8

0.47

67

2.75

8.4

0.49

61

2.65

8.8

0.46

57

2.58

9.2

0.48

45

2.28

10.3

0.46

33

1.01

6.2

0.41

The effect of double layer to the ET response was discussed in a number of reports.51-57
The potential drop across the diffuse layer affects both the concentration of charged redox species
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near the electrode and the driving force of the ET reaction, and this effect is more significant at
nano-interfaces as predicted by theory.53-57 For instance, the effect of the Frumkin correction1 to
the standard rate constant of Fe(CN)64-/Fe(CN)63- results in a different apparent k0 to its true value
because of the high charges carried by the redox anions. The ET can show non-classical response
due to the small electrode sizes (<50nm), which are comparable to the thickness of the diffuse
layer, and the potential distribution varies with electrode size.53 In order to minimize this effect,
supporting electrolytes of high concentrations were used in this work. The thickness of the diffuse
layer remains negligible comparing to the electrode size, and no strong correlations of k0 and the
electrode size are observed here.
2.4. Conclusion
Steady-state voltammetry at nanoelectrodes and scanning electrochemical microscopy
were used to measure kinetics of several rapid heterogeneous electron transfer reactions. The
reliability of the kinetic analysis was improved by obtaining steady-state voltammograms with
both oxidized and reduced forms of redox species initially present in solution. Additional
improvements were attained by characterizing the nanoelectrode geometry with the atomic force
microscope and using water with a very low level of organic contaminants. This approach was
used to re-evaluate the ET rate constants measured for ferrocene, ferrocenemethanol, 7,7,8,8tetracyanoquinodimethane (TCNQ), and ferri/ferrocyanide at Pt electrodes. The obtained standard
rate constant values are compared to those measured previously at Pt and other types of
nanoelectrodes, and possible origins of discrepancies are discussed.
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Chapter 3. Scanning Electrochemical Microscopy of Individual Catalytic
Nanoparticles

3.1. Introduction
Electrochemistry of metal nanoparticles (NPs) has been subject of numerous recent studies
because of their extensive applications in electrocatalysis and sensing.1-3 The catalytic activity of
NPs and the reaction pathway often depend strongly on the NP shape, size and orientation on the
surface.4-6 To investigate the effects of these factors, one has to be able to visualize and measure
electrochemical activity at the level of single NPs and crystal-surface facets of a particle. Optical
techniques, including surface plasmon resonance (SPR) imaging,7 and single molecule
fluorescence imaging8 were employed recently to map catalytic activity distribution on a single
NP level. One electrochemical approach to single NP experiments is to measure the current at a
metal particle either landing at or attached to a small electrode.9-15 The reported landing
experiments provided more information about transport processes and collision dynamics, the size
distribution and concentration of NPs than electron transfer (ET) or catalytic activities. The
problems in NP immobilization experiments11,12,15 include difficulties in characterizing the
geometry of the nanoelectrode/NP system, significant background current produced by the
underlying electrode surface, and poorly defined particle shape if the NP is formed in-situ via
electrodeposition.
An alternative approach can be more useful for characterization of individual NPs
constituting a macroscopic catalyst in real-world application environment. Using a nanoelectrode
as a tip in the scanning electrochemical microscope (SECM),16 one can address an individual NP
immobilized on the substrate surface. SECM has previously been employed in studies of
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electrochemical reactions at surface-immobilized NPs, including heterogeneous ET,17
electrocatalytic hydrogen evolution reaction (HER),18 and oxygen reduction;5,19 however, no
SECM experiments at single immobilized NPs have yet been reported.

Somewhat similar

experiments were performed in which a scanning tunnelling microscopy (STM) tip was used to
first form a Pd NP by electrodeposition, deposit it onto an Au surface, and then detect H2 produced
by HER at the NP.20 One of the difficulties in this pioneering work was that a conical STM tip is
not an ideal probe for quantitative electrochemical measurements. In another novel SECM-type
experiment, a conductive atomic force microscopy (AFM) tip was used to measure the size and
statistical distribution in grafting density of PEG on the NPs modified with a redox-labelled
ferrocene/polyethylene glycol capping agent.21 Another scanning probe technique—scanning
electrochemical cell microscopy (SECCM)—was used for mapping electrocatalytic activity of the
NP ensemble and showed significant differences in activities of similarly sized NPs.22
Here we employ SECM with a disk-type polished Pt tip to image individual AuNPs and
probe ET and HER reactions at their surfaces. Two types of SECM experiments are shown
schematically in Fig. 3.1. In a feedback mode experiment (Fig. 3.1a), a nm-sized SECM probe
approaches a metal NP whose radius (rp) is either larger than or comparable to that of the tip (a).
The electrolyte contains electroactive mediator (in this work, ferrocenemethanol; Fc) and the tip
potential (ET) is such that the mediator oxidation occurs at a rate governed by diffusion. When the
separation distance (d) becomes comparable to a, the oxidized form of the mediator (Fc+) produced
at the tip surface gets reduced at the substrate, and the tip current increases with decreasing d
(positive feedback). The tip current can be recorded as a function of d (approach curve) or tip x–
y position (imaging). If no mediator regeneration occurs at the sample, the tip current decreases
with decreasing d because of hindered diffusion of redox species (negative feedback). In substrate
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generation/tip collection mode (SG/TC mode; Fig. 3.1b), d is too long for efficient SECM
feedback, and a larger tip (a > rp) collects redox species generated at the NP surface (e.g., H2 in
Fig. 3.1b).

Figure 3.1 Schematic representation of the feedback mode (a) and generation/collection (b) SECM
experiments at single NPs.

3.2. Experimental Section
Materials. Ferrocenemethanol (FcMeOH, 99%, Sigma-Aldrich) was sublimed before use. 4Aminobenzylamine (99%), NaNO2 (99.99%), KCl (99%), HCl (37%), HClO4 (70%) and NaClO4
(99%) purchased from Sigma-Aldrich were used as received. Highly oriented pyrolytic graphite
(HOPG) obtained from K-Tek was of ZYB grade. AuNPs (Ted Pella, Inc.) were either 10-nm
diameter (as specified by the vendor, 5.7 × 1012 particles/mL) or 20-nm diameter (7 ×1011
particles/mL), stabilized with net negative surface charge by trace amounts of citrate. The 10 nm
AuNPs have previously been characterized by TEM and other techniques, and their average
diameter was found to be 9.5 ± 0.3 nm. All aqueous solutions were prepared from deionized water
(Milli-Q, Millipore Corp).
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Electrodes and Electrochemical Experiments. Polished disk nanoelectrodes were prepared
by pulling 25-μm-diameter annealed Pt wires into borosilicate glass capillaries with a P-2000 laser
pipette puller (Sutter Instrument Co.) and polishing under video microscopic control as described
previously.23 The radii varied from 3 nm to 200 nm and RG varied from 6 to 15. Voltammograms
were obtained with a BAS-100B electrochemical workstation (Bioanalytical Systems, West
Lafayette, IN) inside a Faraday cage. The two-electrode setup was used with a 0.25 mm diameter
Ag wire coated with AgCl serving as a reference electrode. Substrate modification was performed
in a three-electrode configuration using a platinum wire as a counter electrode and an Ag/AgCl
electrode (Bioanalytical Systems) as a reference electrode. The nanoelectrodes were characterized
by voltammetry and AFM imaging.
SECM Setup and Procedures. SECM experiments were carried out using a home-built
instrument, which was similar to that described previously.24 The nanoelectrode used as an SECM
tip was positioned a few tens of micrometres above the substrate surface. A long-distance video
microscope was used to monitor the initial approach of the SECM tip to the substrate. The tip was
then brought closer to the substrate in an automated mode until the monitored tip current changed
by 10%. The current-distance curves and constant-height SECM images were obtained after the
subsequent fine approach. All experiments were carried out at room temperature (23 ± 2 °C) inside
a Faraday cage. To prevent hydrogen bubble formation either at the tip or substrate electrode, the
acid concentration in HER experiments was always less than 40 mM.25
AFM Imaging. An XE-120 scanning probe microscope (Park Systems) was employed for
imaging the nanoelectrodes and the HOPG substrate. PPP-NCHR AFM probes (Nanosensors)
were used for noncontact imaging. The procedures for AFM imaging of nanoelectrodes were
reported previously.26
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Substrate Preparation. A polyphenylene layer was formed in situ by the reduction of the
corresponding diazonium salt, as described in the literature.27 Briefly, 1 mL of 50 mM NaNO2
was added to 5 mL of aqueous solution containing 10 mM 4-aminobenzylamine and 0.5 M HCl
while stirring in an ice bath. The electrografting to graphite surface was achieved by applying two
potential sweep cycles between 0.1 V to -0.6 V vs. Ag/AgCl. HOPG was rinsed with deionized
water and dipped into 0.5 M HCl for 1 min to protonate -NH2 groups. The negatively charged
citrate-stabilized gold particles were electrostatically attached to the protonated film by immersing
HOPG in either 9 nM (10 nm NPs) or 1 nM (20 nm NPs) AuNP solution for 30 min.
3.3. Results and Discussion
To probe a heterogeneous reaction at the metal NP, it has to be immobilized on flat, uniform,
and electrochemically inert surface that would provide an electrical connection to the particle.
Highly ordered pyrolytic graphite (HOPG) can fulfil all these requirements due to its very low
roughness, catalytic inertness, and the ease of passivating its surface via well-established
diazonium electrochemistry.27,28 The sub-nanometre scale roughness of a bare HOPG substrate can
be seen in a non-contact mode AFM topography image (Fig. 3.2a) and a feedback mode SECM
image of the same HOPG sample (Fig. 3.2b) obtained with 33 nm-radius polished Pt tip. The
electrochemical image shows significant positive feedback (the tip current at the “infinite”
separation distance, iT,∞ = 10 pA) essentially uniform over the entire HOPG surface. SECM
approach curves obtained with Fc mediator at a bare HOPG substrate also showed positive
feedback. It is interesting to note that no major spatial variations in the regeneration rate of Fc
mediator can be detected in the image obtained with the nanometre-sized tip. This observation is
in agreement with previous finding of the Unwin group that electrochemical reactivity of the
graphite basal plane is not significantly lower than that of the step edges.29
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An AFM image of the compact polyphenylene multilayer assembled on the HOPG surface
by electrochemical reduction of the corresponding aryl diazonium salt27,30 shows sub-nm scale
roughness (Fig. 3.2c), only slightly higher than that of bare HOPG (Fig. 3.2a). The corresponding
SECM image obtained with a 33 nm tip (Fig. 3.2d) is also flat and featureless with the uniformly
negative feedback (iT,∞ = 10 pA). Importantly, the ET across the film appears to be completely
blocked, as the SECM current-distance curve fits well the theory for pure negative feedback.
Although the defect density in polyphenylene multilayers is known to be relatively high, the rate
of ET through defects is too slow to produce measurable current at a nm-sized tip.
20-nm AuNPs electrostatically attached to the polyphenylene film appear to be ~10-15 nm
high and ~50 nm diameter (laterally) in the AFM image (Fig. 3.2e). The height value smaller than
the nominal AuNP diameter is expected because the NPs are partially buried in the polyphenylene
layer, while a significantly larger lateral NP size in the image is an artifact that has previously been
reported and explained by the tip convolution effect.31 The low particle density on the surface
required for electrochemical experiments at individual NPs was attained by immersing the
substrate in AuNP solution for 30 min. A longer immersion time resulted in a much higher NP
density, and the SECM image of such a substrate showed positive feedback, suggesting that an
ensemble of AuNPs behaved as an unbiased conductive substrate. The high density NP packing
is too close for individual particles to be seen in the SECM image. In contrast, the SECM image
of low density AuNPs (Fig. 3.2f) contains several high spikes of tip current against the much lower
background, corresponding to negative feedback over the passivated HOPG surface. These spikes
point to the presence of well-separated nanoparticles on the surface, which cannot be seen clearly
with a relatively large tip (a = 42 nm) and low line density (40 nm distance in y-axis between two
nearest tip scans in Fig. 3.2f).
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Figure 3.2 1 μm × 1 μm noncontact mode topographic AFM (a, c and e) and feedback mode SECM (b,
d and f) mages of the bare HOPG surface, HOPG coated with the polyphenylene film, and AuNPs
immobilized on the film, respectively. The red lines in a, c and e correspond to the shown cross-sections.
(b ,d, f) ET = 400 mV; the substrate was unbiased.

Using a smaller tip (e.g., a = 14 nm; Fig. 3.3), one can zoom in on a single AuNP. The 50
nm × 50 nm constant-height SECM image in Fig. 3.3a shows significant positive feedback over
the NP surface and negative feedback over the polyphenylene film (iT,∞ = 4.5 pA).

The NP

diameter in Fig 3.3a is close to the expected 20 nm value, as opposed to ~50 nm in the AFM image
(Fig. 3.2e). The current-distance curve obtained with the same tip positioned above the same
AuNP (symbols in Fig. 3.3b) fits the theory (solid line) very well. The theoretical curve was
simulated for a disk-shaped nanoelectrode with a = 13.6 nm and RG = 10 (RG = rg/a, where rg is
the thickness of the insulating glass sheath). The current-distance curve obtained with the same
tip over polyphenylene film fits the theory for the pure negative feedback32 using RG = 10 and a
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=14.4 nm (Fig. 3.3c). Importantly, the effective radius values obtained from the best fit in Figs.
3.3b and 3c are very similar to each other and in good agreement with a ≈14 nm calculated from
the diffusion limiting current of Fc, thus indicating that an electrochemical reaction at a single 20nm NP can be quantitatively probed by SECM. The diffusion-controlled positive feedback
obtained at an unbiased macroscopic substrate with a low density of immobilized AuNPs points
to very efficient charge transfer between the NPs and underlying HOPG surface. In addition to
direct electrical connection between the buried AuNPs and HOPG,30 this behaviour may be due to
fast ET between the electrode and metal NPs across an insulating film.33

Figure 3.3 Probing ET at a single 20 nm AuNP by SECM. (a) 50 nm × 50 nm constant-height image of
an AuNP on HOPG/polyphenylene substrate obtained with a 14-nm-radius Pt tip. (b) Experimental
current-distance curve obtained with same tip approaching the same AuNP (symbols) and corresponding
theoretical fit (solid line). (c) Current-distance curve obtained with the same tip approaching the
insulating portion of the substrate (symbols) and corresponding theory for the pure negative feedback
(solid line).32 Solution contained 1 mM Fc and 0.1 M KCl. ET = 400 mV vs. Ag/AgCl; unbiased substrate.

Even higher spatial resolution can be attained by using a smaller SECM tip. A constant
height image of a 10 nm AuNP in Fig. 3.4a was obtained with a 3-nm-radius polished Pt tip. The
correct value of the NP diameter (~10 nm) indicates that the lateral resolution in this image is
significantly higher than that in AFM images obtained with typical commercial probes. The tip
radius (3.1 nm) and the quantitative nature of the SECM experiment with such a small tip were
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validated by fitting an experimental current-distance curve to the theory (Fig. 3.4b). Using
similarly sized SECM probes, one may be able to investigate electrochemical processes at specific
crystal facets of metal NPs.

Figure 3.4 30 nm × 30 nm constant-height SECM image of the 10 nm AuNP (a) and current-distance
curve obtained with same 3-nm-radius tip approaching the insulating portion of the substrate (b). The
experimental curve (symbols) is fitted to the theory for the pure negative feedback (solid line)32 with a =
3.1 nm. Solution contained 1 mM Fc and 0.1 M KCl. ET = 400 mV vs. Ag/AgCl; unbiased substrate.

Catalytically inert HOPG is a convenient substrate for studying HER at single AuNPs. The
voltammograms in diluted HClO4 solutions (Fig. 3.5a) show no hydrogen evolution waves at either
bare HOPG (black curve) or HOPG modified with a polyphenylene film (green curve) at potentials
more positive than -900 mV vs. Ag/AgCl reference. A strong catalytic effect of 20 AuNPs is seen
from the proton reduction wave (red curve).
The SG/TC mode image in Fig. 3.5b shows the map of hydrogen flux generated at an AuNP
and collected by the 15-nm-readius Pt tip. The tip was positioned ~80 nm away from the
HOPG/polyphenylene surface and scanned in the x-y plane above the AuNP. The lateral resolution
of SG/TC images (and, thus, the apparent size of NP in Fig. 3.5b) is affected by the diffusion
broadening.16 Quantitative information about HER can be extracted from tip voltammograms
obtained at a given ES value (Fig. 3.5c) and tip/substrate voltammograms (i.e., tip current vs.
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substrate potential dependences recorded at constant ET; Fig. 3.5d).

Figure 3.5 Voltammetry and SECM imaging of HER at AuNP. (a) Voltammograms of proton reduction
at bare HOPG (black), HOPG coated with polyphenylene film (green), and 20 nm AuNPs immobilized
on the modified HOPG (red). (b) Substrate generation/tip collection SECM map of HER at a single 20
nm AuNP obtained with a 15-nm-radius Pt tip. ET = 500 mV, ES = -750 mV vs. Ag/AgCl. (c) Tip
voltammograms with a 60-nm-radius Pt tip positioned above an AuNP, 80 nm away from the modified
HOPG surface. Tip potential was scanned, and ES mV = -600 (1), -500 (2), and -100 (3). (d)
Tip/substrate voltammograms obtained at the same location as in (c). Substrate potential was scanned,
and ET mV = 500 (1), 400 (2), and 100 (3). Solution contained 10 mM HClO4 and 0.1 M NaClO4. The
potential sweep rate in (a), (c) and (d) was v = 100 mV/s.

Finite-element simulations showed that ~75% of hydrogen molecules generated at the 10nm-radius AuNP were reaching the surface of a 60-nm-radius tip under given experimental
conditions. The hydrogen oxidation at the tip occurred at ET > ~400 mV vs. Ag/AgCl (Fig. 3.5c).
The wave of hydrogen oxidation was recorded at ES = -600 mV (curve 1), very little hydrogen was
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detected at ES = -500 mV (curve 2), and essentially no hydrogen at ES = -100 mV (curve 3).
Accordingly the hydrogen oxidation current in Fig. 3.5d is observed when ES ≤ -500 mV, and it is
negligibly small at ET = 100 mV vs. Ag/AgCl (curve 3), higher at ET = 400 mV (curve 2), and
much higher at 500 mV (curve 1).
The collection efficiency in SG/TC mode (i.e., iT/iS) is determined by geometry of the
tip/substrate system and independent of the substrate potential.16 Thus, iT vs. ES curves in Fig. 3.5d
represent the potential dependence of the proton reduction rate at a single AuNP. The linear
portion at higher overpotentials of the Tafel plot for this process (Fig. 3.6a) obtained from curve 1
in Fig. 3.5d exhibits a 116 mV/decade slope consistent with literature data for HER at
polycrystalline gold.34 The Tafel plot for hydrogen oxidation at the Pt nanoelectrode (Fig. 3.6b)
obtained from curve 1 in Fig. 3.5c has the 126 mV/decade slope, which is reasonably close to the
117 mV/decade measured at a polycrystalline Pt microelectrode.25

Figure 3.6 Tafel plots for HER at a single AuNP (a) and hydrogen oxidation at the Pt tip (b).
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3.4. Conclusions
Unprecedented spatial resolution of electrochemical imaging was achieved in this study by
using extremely small Pt nanoelectrodes as SECM tips. Thus, it was possible to obtain feedback
mode topographic images of 10- and 20-nm AuNPs and observe ET reaction occurring at
individual NPs. Because of their well-characterized planar geometry, polished Pt tips are suitable
for quantitative kinetic experiments.23 The current-distance curve obtained with the tip radii as
small as 3 nm are in good agreement with the SECM theory, suggesting the possibility of spatially
resolved, quantitative studies of heterogeneous processes occurring at single NPs and their crystal
facets. A larger tip can be used to collect the flux of species generated by electrocatalytic reaction
at a NP. In this way, a Tafel plot was obtained for HER occurring at a single AuNP. The developed
approaches should be useful for charactering the activities of individual NPs constituting realworld macroscopic catalysts.

56

Chapter 4. SECM of Single Nanoparticles: Theory and Particle Size
Evaluation

4.1. Introduction
Electrochemical processes involving nanoparticles (NPs) have been the subject of
extensive research because of their extraordinary physical and chemical properties1,2 and
applications in sensing3 and electrocatalysis.4 The strong size and shape dependence of NP
properties is important for various processes from catalysis5 to deoxygenation6 to NP uptake into
mammalian cells.7 The effects of variations in individual NP properties are difficult to assess in
studies of large ensembles of particles.

Thus, several methodologies were developed for

electrochemical experiments at single NPs, including optical techniques, such as surface plasmon
resonance imaging8 and single molecule fluorescence imaging,9 and electrochemical
measurements at a metal NP either landing at or attached to a small electrode.5a,10-16
We showed recently17 that electrochemical activity of single gold nanoparticles (AuNPs)
attached to the catalytically inert carbon surface can be mapped by using small (≥3 nm radius)
polished nanoelectrodes as tips in the scanning electrochemical microscope (SECM). Unlike the
techniques based on immobilization of single NPs on nanoelectrodes, this approach is potentially
useful for studying the effects of nanoparticle size, geometry and surface attachment in real-world
application environment.
Most of the existing SECM theory was developed for the disk-shaped tip and flat
substrate.18a Some approximations and numerical simulations were reported for hemispherical and
sphere-cap shaped tips,18b-h,19,20a and only a few curves have been simulated for non-flat substrates
and those including microscopic spherical features.19,20 Here we develop the theory for SECM
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current-distance curves obtained with a disk-shaped tip approaching a surface-bound spherical NP
and calculate the collection efficiency for the electroactive species generated at the spherical
substrate and collected at the tip. A schematic representation of the problem geometry used in our
finite-element simulations is shown in Fig.4.1.
An important issue in experiments with single NPs is the particle size evaluation. Several
techniques such as dynamic light scattering, nanoparticle tracking analysis, resistive-pulse
measurements with nanopores21 or nanopipettes,22 NMR spectroscopy,23 and capillary
electrophoresis/inductively coupled plasma mass spectrometry combination24 are available for
evaluating the size of NPs in solution. Electron microscopy (especially TEM) are widely used for
measuring dry NP size in vacuum. However, measuring an individual surface-bound NP in an
electrochemical system is not straightforward. The ability to evaluate the size of the specific
surface-bound particle is essential for electrochemical experiments at the level of single NPs,
especially for polydisperse NPs and soft particles whose size in solution can be different from that
in vacuum. Atomic force microscopy (AFM) that can visualize a surface-attached NP in solution
is prone to greatly overestimating the lateral particle size due to the tip convolution effect, 17,25
while significant errors in the NP height can result from the tip/sample interactions.26 In our recent
experiments the apparent size of 10 – 20 nm Au NPs was much closer to their nominal diameter
in SECM images than in AFM images.17 However, an SECM image of an NP is relatively hard to
obtain and analyze. A more straightforward and accurate approach developed here is based on the
fitting of an experimental current vs. distance curve to the theory, using the NP radius (rp) as an
adjustable parameter.
In a feedback mode SECM experiment, the electrolyte contains an electroactive species
that is oxidized (or reduced) at the tip electrode. When the tip is brought near a conductive
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substrate, the product of the tip reaction diffuses to its surface, where it gets re-reduced (or reoxidized). The tip current increases with decreasing separation distance (d) due to the mediator
regeneration process (positive feedback). No mediator regeneration occurs at the insulating
substrate, and the tip current decreases with decreasing d because of hindered diffusion of redox
species (negative feedback). Several combinations of reactive or inert NPs with either conductive
or insulating substrate surfaces can be employed for NP size evaluation: i.e., (1) reactive
NP/insulating substrate, (2) inert NP/conductive substrate, (3) reactive NP/conductive substrate,
and (4) inert NP/insulating substrate, The first two combinations should be advantageous because
of the sharp contrast between the positive feedback produced by the reactive NP and negative
feedback at the underlying insulating surface (or vice versa in case 2). Because electrochemical
experiments typically employ reactive (i.e., metal) NPs, our primary focus here is on combination
(1). To regenerate the redox mediator, a particle with rp comparable to the tip radius (a) must be
electrically connected. For the conductive NP/insulating substrate combination, this can be
attained either by partially burying a NP into a nm-thick passivating film (e.g., a polyphenylene
multilayer electrografted to a conductive graphite surface17) or via the electron tunneling between
the NP and underlying conductive surface through the insulting film.11c,27
4.2. Theory
Feedback mode. The steady-state diffusion problem formulated below applies to the SECM
feedback mode with a one-step electron transfer reaction occurring at the disk-shaped tip. The tip
is held at a potential (ET) at which the oxidation (or the reduction) of the solution species is
diffusion limited. The spherical object is immobilized on the plane, and the mediator regeneration
occurs at the conductive portion of the substrate (either a NP or the surrounding planar surface) at
the diffusion-controlled rate. With the excess supporting electrolyte, the corresponding differential
59

equation in cylindrical coordinates is
𝜕2 c

1 𝜕c

𝜕𝑟

𝑟 𝜕𝑟

+
2

+

𝜕2 c
𝜕𝑧 2

= 0

(4.1)

where r and z are the spatial coordinates (Fig.4.1) and 𝑐(𝑟, 𝑧) is the concentration of redox species.
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Figure 4.1 Geometry of the simulation space and parameters defining the diffusion problem for the diskshaped SECM tip approaching a spherical particle attached the planar support.

The dimensionless variables can be introduced as follows:
R = 𝑟/𝑎

(4.2a)

Z = 𝑧/𝑎

(4.2b)

C(𝑅, 𝑍) = 𝑐(𝑟, 𝑧)/𝑐 ∗

(4.2c)

LL = 𝑙/𝑎

(4.2d)

RG = 𝑟𝑔 /𝑎

(4.2e)

RS = 𝑟𝑠 /𝑎

(4.2f)

L = 𝑑/𝑎

(4.2g)
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RP = 𝑟𝑃 /𝑎

(4.2h)

where c* is the bulk concentration, rg is the tip insulator radius, rs is the simulation space limit in
the radial direction, l is the z-coordinate of the lower simulation space limit, and d is the vertical
distance from the tip to the sphere top. The current was calculated by solving the following
diffusion problem in the dimensionless forms:
∂2 C
∂R2

1 ∂C

∂2 C

+ R ∂R + ∂Z2 = 0;

0  R < RS, -LL <Z < 2RP+L

𝐶 = 0; 0  R  1, Z = 0; (tip surface)

(4.3)
(4.4)

One of two following conditions is applicable to either reactive (Eq. 4.5a) or inert (Eq. 4.5b) NP:
𝐶 = 1;
∂C(R,Z)
∂n

0  R  RP, Z = L + RP ± √𝑅𝑃2 − 𝑅 2 (reactive sphere)

= 0;

0  R  RP, Z = L + RP ± √𝑅𝑃2 − 𝑅 2

(inert sphere)

(4.5a)
(4.5b)

where ∂C(R, Z)/ ∂n is the normal derivative.
One of two following conditions is applicable to either conductive (Eq. 4.6a) or insulating
(Eq. 4.6b) substrate surface:
C = 1; 0 < R  RS, Z = L + 2RP;
∂C(R,Z)
∂n
∂C(R,Z)
∂n

(conductive substrate)

= 0; 0 < R  RS, Z = L + 2RP;

(insulating substrate)

= 0; Z=0, 1 < R  RG; -LL  Z  0, R = RG; (insulating region)

C = 1; -LL  Z  2RP + L, R = RS; Z = -LL, RG < R  RS (simulation space limit)
∂C(R,Z)
∂R

= 0; R = 0, 0  Z  L (axis of symmetry)

(4.6a)
(4.6b)
(4.7)
(4.8)
(4.9)

The dimensionless tip current obtained by integrating the dimensionless diffusion flux over
the tip surface corresponds to the physical current normalized by the diffusion limiting current to
the inlaid disk with the radius a.
𝐼𝑇 = 𝑖

𝑖𝑇
𝑇,∞

𝜋

1

= 2 ∫0 R [
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∂C(R,Z)
∂Z

] 𝑑R

(4.10)

where
𝑖 𝑇,∞ = 4𝑛𝐹𝐷𝑐 ∗ 𝑎

(4.11)

n is the number of transferred electrons, F is Faraday constant and D is the diffusion coefficient
of redox species.
The above diffusion problem was solved numerically using COMSOL Multiphysics ®
version 4.4 commercial simulation package.

The shape of the current-distance curves is

determined by three dimensionless parameters, L = d/a, RG = rg/a and RP =rp/a. To limit the
number of simulations, the theory is developed here only for RG=10. The computed working
curves are sufficiently accurate for any RG when the particle is reactive and may contain some
error when the NP is inert and RG << 10.18a Fig. 4.2A presents the IT vs. L dependences for reactive
NPs with different RP values immobilized on the insulating substrate. With the increasing RP
value, the SECM response changes from pure negative feedback (RP = 0; lower dashed curve) to
pure positive feedback (RP = ∞; upper dashed curve). Similarly to the approach curves calculated
earlier for a finite-size disk-shaped conductive substrate embedded into the insulting plane,28 the
smallest radius of the reactive spherical NP that can be confidently detected is ~0.1a (the bottom
solid curve in Fig. 4.2A). The opposite extreme is a large NP (e.g., RP = 2; top solid curve) for
which the shape of the approach curve is similar to that for a flat conductive substrate (upper
dashed curve).
An analytical approximation was derived to facilitate the fitting of experimental approach
curves to the theory. The whole family of SECM working curves shown in Fig. 4.2A for 0.1  L
 5 can be accurately described by Eq. (4.12)

𝐼𝑇 =

𝑎+𝑐𝐿+𝑒𝐿2
1+𝑏𝐿+𝑑𝐿2
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(4.12)

with the parameter values elsewhere for different RPs. The numerical results (symbols) fit Eq.
(4.12) (solid lines) within 0.5% (Fig.4.2B).
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Figure 4.2 Dimensionless current vs. distance curves for a disk-shaped tip with RG = 10 approaching a
reactive spherical NP on an inert substrate. (A) The lower and upper dashed curves are for the flat
insulating and conductive substrate, respectively. (B) Current-distance curves obtained from simulations
(solid lines) and calculated from Eq.4.12 (symbols). From top to bottom, RP = 1, 0.5, 0.3, 0.2 and 0.1.

A practically important case is an NP partially buried into the passivating film assembled
on the underlying conductive surface. The NP portion exposed to the solution is shaped as a
spherical cap. If the film thickness is >rp, the radius of the base of the exposed cap is less than rp,
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and the above theory cannot be used to calculate the SECM approach curves. If the film thickness
equals rp, the exposed reactive surface is hemispherical. The approach curves to such a hemisphere
were simulated for two different RP values and compared to those obtained at a fully exposed
spherical NP (Fig. 4.3). When the NP is relatively large (e.g., NP ≥ 1), the approach curves
simulated for a hemisphere and a full sphere are essentially indistinguishable (cf. blue and red
curves calculated for RP = 1 in Fig. 4.3). The reason for this similarity is that the positive SECM
feedback is mostly produced at the top half of the spherical particle. The blocking effect of the
insulating film is not significant in this case because it is mostly screened by the large RP, and the
tip never comes close to it. When RP is significantly less than one (e.g., 0.5 in Fig. 4.3), the
feedback current at the hemispherical substrate (green curve) is somewhat lower than at the
spherical NP (black curve). For RP = 0.5, this difference would result in <20% error in the NP
radius value determined by fitting an experimental approach curve to the theory (see below).
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Figure 4.3 Current-distance curves simulated for a disk-shaped tip approaching equally sized spherical
(blue and black curves) and hemispherical (read and green curves) reactive NPs attached to the insulating
plane. RP = 1 (blue and red) and 0.5 (black and green). The inset shows geometries of the fully exposed
and partially buried NPs.
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Another feature of the above model that is hard to fully implement in the SECM experiment
is a perfect positioning of the tip over the center of the surface bound NP. The effect of the lateral
shift of the tip center with respect to that of the spherical NP on the shape of SECM approach
curves is investigated in Fig. 4.4. Solid lines in Fig. 4.4 were obtained by numerically solving the
3D steady-state diffusion problem for the lateral tip displacement equivalent to 25% of its radius
(0.25a), while symbols represent current-distance curves calculated for the perfectly aligned tip
and NP (cf. the left and right pictures in the inset). Fig. 4.4 shows that the approach curves obtained
with the 0.25a displacement, which represents the experimentally attainable precision of the tip
positioning, are practically indistinguishable from the corresponding curves simulated for the
perfect tip/NP alignment. The error in the determined RP value associated with the imperfect
lateral alignment should be <<10% as long as the displacement is within 0.25a and the NP is not
much smaller than the tip.
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Figure 4.4 Simulated current-distance curves for the tip center perfectly aligned with that of the reactive
spherical NP (symbols) or shifted from it laterally by 0.25a (solid lines). RP = 1 (black symbols and
green line) and 0.5 (red symbols and blue line). The inset illustrates the prefect (left) and imperfect
(right) tip/NP alignment.
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Finding and imaging a small (RP < 1) reactive NP immobilized on a conductive substrate
without breaking the tip is very difficult. Fig. 4.5 contrasts the simulated approach curves at
reactive NPs immobilized on conductive (dashed lines) and insulating (solid lines) substrates. If
the NP is relatively large (e.g., RP ≥ 1), it screens the underlying surface from the tip, and the
differences between the curves obtained at a conductive (red solid curve) and insulating (blue
dashed curve) support are minor. In contrast, when a smaller NP (e.g., RP = 0.5) is immobilized
on the conductive surface, significantly higher positive feedback is expected than that obtained
with the same particle attached to the insulating support (cf. dashed green and solid black curves
in Fig. 4.5). In the cases of relatively large particles (e.g. RP=1), the approach curves (red solid
line and blue dash line in Fig. 4.5) are essentially independent of the substrate nature. Importantly,
the effect of the RP on the shape of the approach curve is much smaller when the underlying
surface is conductive (cf. dashed green and blue curves). Therefore, SECM is not a promising
technique for evaluating the size of a reactive NP attached to the conductive substrate.
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Figure 4.5 Current-distance curves simulated for a disk-shaped tip approaching a reactive spherical NPs
immobilized on the conductive (dashed lines) or insulating (solid lines) flat surface. RP = 1 (dashed blue
and solid red curves) and 0.5 (dashed green and solid black curves).
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In the case of an inert sphere immobilized on an insulating substrate, the magnitude of
negative feedback reflects the blocking effects of both the NP and underlying plane on tip current
(Fig. 4.6A). This dependence is complicated, and the approach curve simulated for larger NPs
(RP  1) tend to cross and cannot be easily distinguished. This observation as well as the
difficulties in finding a small inert particle on the insulating surface suggest that characterizing
this system by SECM can be problematic.
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Figure 4.6 Simulated dimensionless approach curves for inert spherical particles immobilized on the
insulating substrate (A) or conductive (B) substrate.

The shape of the current-distance curves for an inert NP immobilized on a conductive
substrate strongly depends on the RP value (Fig. 4.6B). For very small NPs (e.g., RP < 0.1), the
approach curves are essentially identical to that obtained at a flat, uniformly conductive substrate
(upper dashed curve in Fig. 4.6B). As the RP increases, the tip current decreases, and the curve
shape approaches that of the pure negative feedback (lower dashed curve in Fig. 4.6B). The size
of such particles (e.g., droplets or polymer beads29) should be possible to evaluate over the range
~0.2 ≤ RP ≤ ~1.
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SG/TC mode. In substrate generation/tip collection (SG/TC) mode of the SECM
operation, a larger tip collects redox species generated at the NP surface. This approach can be
useful for investigating intermediates and mechanisms of electrocatalytic reactions occurring at
the NP surface.17 If the tip process is diffusion controlled and the species produced at the substrate
is stable at the experimental time scale, the collection efficiency (i.e., iT/iS) is determined by two
dimensionless parameters — the normalized separation distance (d/rp) and the ratio of the particle
and tip radii (RP). Fig. 4.7 shows the collection efficiency vs. distance dependences for various
RP values. The shorter tip-substrate distances and larger tip size (small RP) correspond to higher
collection efficiency. Unlike the feedback mode, the distance scale in SG/TS experiments is
determined by rp rather than a. The two panels in Fig. 4.7 represent two typical experimental
situations: (A) a reversible process in which the tip regenerates the redox mediator present in the
bulk solution at the diffusion-controlled rate, and (B) an irreversible process with the tip producing
electro-inactive species.
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Figure 4.7 Simulated collection efficiency vs distance dependences for the SG/TC experiment with a
spherical substrate. From top to bottom, RP = 0.1, 0.2, 0.5, 1 and 2. The tip electrode regenerates the
mediator (A) or produces electroinactive species (B) at a diffusion-controlled rate.
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4.3. Experimental Section
Materials. Ferrocenemethanol (FcMeOH, 97%, Alfa Aesar) was sublimed before use. 4aminobenzylamine (99%), NaNO2 (99.99%), KCl (99%), and HCl were purchased from SigmaAldrich and used as received. ZYB grade highly oriented pyrolytic graphite (HOPG) was obtained
from K-Tek.

Unconjugated AuNPs (Ted Pella, Inc.) were either 20-nm diameter (7×1011

particles/mL) or 100-nm diameter (5.6×109 particles/mL), as specified by the vendor, stabilized
with the net negative surface charge by trace amounts of citrate. All aqueous solutions were
prepared using deionized water with total organic carbon (TOC) ≤ 5 ppb from the Milli-Q
Advantage A10 system equipped with Q-Gard T2 Pak and a Quantum TEX cartridge.
Electrodes and voltammetry. Polished disk nanoelectrodes were prepared by pulling 25μm-diameter annealed Pt wires into borosilicate glass capillaries with a P-2000 laser pipette puller
(Sutter Instrument Co.) and polishing under video microscopic control, as described previously.30
Voltammograms were obtained with an EI-400 bipotentiostat (Ensman Instruments, Bloomington,
IN) inside a Faraday cage. The two-electrode setup was used with a 0.25 mm diameter Ag wire
coated with AgCl serving as a reference electrode. The substrate surface modification was
performed in a three-electrode configuration using a platinum wire as a counter electrode and an
Ag/AgCl reference electrode (Bioanalytical Systems).
SECM setup and procedures. SECM experiments were carried out using a home-built
previously described instrument. 17 The nanoelectrode used as an SECM tip was positioned a few
tens of micrometers above the substrate surface. A long-distance video microscope was used to
monitor the initial approach of the SECM tip to the substrate. The tip was then brought closer to
the substrate in an automated mode until the monitored tip current changed by 10%. The currentdistance curves were obtained during the subsequent fine approach. An AuNP immobilized on
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the substrate was located by positioning the tip ~1.5a above the substrate plane and scanning it
either in X or Y direction while monitoring the tip current. All experiments were carried out at
room temperature (23 ± 2 °C) inside a Faraday cage.
AFM and TEM imaging. An XE-120 scanning probe microscope (Park Systems) was
employed for imaging the nanoelectrodes and the HOPG substrate. PPP-NCHR AFM probes
(Nanosensors) were used for noncontact imaging.

The procedures for AFM imaging of

nanoelectrodes were reported previously.31 Transmission electron microscopy (TEM) images were
obtained using a JEOL JEM-2100 TEM with samples supported on 400 mesh copper grids coated
with Formvar/carbon film (Ted Pella, Inc.).
Substrate preparation. A polyphenylene multilayer was formed in situ by the reduction of
the corresponding diazonium salt, as described previously.17,32 Briefly, 1 mL of 50 mM NaNO2
was added to 5 mL of aqueous solution containing 10 mM 4-aminobenzylamine and 0.5 M HCl
while stirring in an ice bath. The electrografting to graphite surface was achieved by applying two
potential sweep cycles between 0.3 V to -0.5 V vs. Ag/AgCl. HOPG was rinsed with deionized
water and dipped into 0.5 M HCl for 1 min to protonate -NH2 groups. The negatively charged
citrate-stabilized gold particles were electrostatically attached to the protonated film by immersing
HOPG in AuNP colloid solution for 30 min.

4.4. Results and Discussion
Characterization of nanoparticles. AuNPs were characterized using TEM and AFM.
From TEM images of individual, isolated particles (Fig. 4.8A and 4.8B), the diameter of the dry
commercial AuNPs was either 19.8 (± 1) nm or 99.5 (±5) nm in good agreement with the nominal
20 nm and 100 nm vales specified by the manufacturer.
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Figure 4.8 TEM images of 20 nm (A) and 100 nm (B) AuNPs and topographic AFM images of 20-nm
(C) and 100-nm (D) AuNPs immobilized on the HOPG surface modified with a polyphenylene film.

An XE-120 scanning probe microscope was employed for the non-contact mode
topographic imaging of surface-bound AuNPs. From AFM images (Fig. 4.8C and 4.8D), AuNPs
electrostatically attached to the polyphenylene film are not aggregated and well separated. The
20-nm and 100-nm AuNPs appear to be 18-20 nm and 95-106 nm in height and 45-50 nm and 180200 nm in width, respectively. The overestimation of the lateral dimension of the AuNP is caused
by the tip convolution effect, as discussed earlier.17,25
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Characterization of nanoelectrodes. The nanoelectrodes were characterized by steadystate voltammetry and AFM imaging, as discussed previously.31 Fig. 4.9A shows a non-contact
topographic AFM image of a typical ~80-nm-radius polished Pt electrode. From the image, one
can see that this electrode was essentially flat and well-polished. The conductive surface was
recessed into glass by 4 nm, which is only ~1/20 of a; such a small recess depth has a negligible
effect on the iT,∞ value and the shape of the SECM approach curves.33 From the diffusion limiting
current in the steady-state voltammogram of 1 mM FcMeOH obtained at the same electrode (Fig.
4.9B), the effective radius can be evaluated using Eq. 4.11 with n = 1, c* =1 mM, and D = 7.6 ×
10−6 cm2/s 30 for FcMeOH. The effective radius, a = 79 nm obtained from Fig. 4.9B is in agreement
with the AFM image in Fig. 4.9A.
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Figure 4.9 A noncontact topographic image of a 79-nm-radius polished Pt nanoelectrode (A) and a
steady-state voltammogram of 1 mM FcMeOH obtained at the same electrode in 0.2 M KCl solution (B).

Evaluation of the NP size from SECM approach curves. AuNPs attached to the
HOPG/polyphenylene film represent the case of a reactive NP on the inert substrate surface.17 Fig.
4.2 suggest that the particle size can be evaluated by fitting an experimental approach curve to the
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theory for a broad range of RP values. However, for RP < 0.2, the contribution of the positive
feedback produced by the particle to the overall current is small, and finding such an NP on the
insulating substrate without breaking the tip is difficult. When RP is >1, the curve shape is
relatively insensitive to its value, and the uncertainty of size determination should be high. The
SECM is practically suitable for NP measuring for the range of RP values, ~0.2  RP  ~1.
The experimental current vs. tip displacement curve shown in Fig. 4.10A was obtained
with the nanoelectrode that was characterized in Fig. 4.9. When the tip approached an individual
AuNP with rp = 50 nm, the current increased, as expected from the theory, and then levelled off
abruptly, indicating that the glass sheath of the tip touched the substrate surface. The best fit
between this data and the theory was obtained with the RP value of 0.65 (blue solid curve in
Fig.4.10B). Using the tip radius value, a = 79 nm, found from the diffusion limiting current and
AFM image in Fig. 4.9, RP = 0.65 corresponds to rp = 51 nm that agrees very well with the nominal
NP radius of 50 nm confirmed by our TEM images (Fig. 4.8A).
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Figure 4.10 Current vs. tip displacement curve obtained with a 79-nm-radius tip approaching a 50-nmradius AuNP (A) and theoretical approach curves (solid lines) bracketing the experimental data
(symbols) (B). Solution contained 1 mM FcMeOH and 0.2 M KCl. The tip current in panel B is
normalized with iT,∞ = 24 pA.
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The experimental approach curve could be fit to the theory using RP values slightly
different from 0.65, e.g., RP = 0.6 (orange curve in Fig. 4.10B) or RP = 0.7 (red curve). However,
no satisfactory fit could be obtained with either RP = 0.55 (green curve in Fig. 4.10B) or 0.8 (purple
curve). Thus, the 0.6  RP  0.7 range roughly corresponds to the uncertainty in the NP radius
value determined by SECM, rp = 51 ± 5 nm.
Using a tip with a suitable radius, one can measure much smaller AuNPs (e.g., an NP with
the nominal rp of 10 nm in Fig. 4.11). The current vs. tip displacement curve obtained with an 11nm-radius tip is shown in Fig. 4.11A. For the same data in the normalized form (symbols in Fig.
4.11B), the best fit to the theory was obtained with RP = 0.9 (blue curve). The experimental curve
in Fig. 4.11B is bracketed by theoretical curves calculated with RP = 0.8 (red) and 1 (orange).
This data would not fit theoretical curves obtained with either RP = 0.7 (purple) or 1.2 (green).
The RP range 0.8  RP  1, corresponds to rp = 10 ± 1 nm.
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Figure 4.11 Current vs. tip displacement curve obtained with an 11-nm-radius tip approaching a 10-nmradius AuNP (A) and theoretical approach curves (solid lines) bracketing the normalized experimental
data (symbols) (B). Solution contained 1 mM FcMeOH and 0.2 M KCl. iT,∞=3.4 pA.

74

4.5. Conclusions
We have developed the SECM theory for a disk-shaped tip approaching a surface-bound
spherical particle. Different situations involving either reactive or inert particles immobilized on
either conductive or insulating surfaces have been considered. The simulated working curves and
a derived analytical approximation can be used to analyze the results of SECM experiments at
single nanoparticles. Possible complications such as the imperfect lateral alignment of the tip
center with respect to that of the particle and partial burying of a spherical NP into the insulating
surface film have been simulated. The developed substrate generation/tip collection theory is
potentially useful for SECM studies of electrocatalytic processes at NPs.
The methodology was developed for evaluating the size of an NP from SECM approach
curves. The radii of larger (rp = 50 nm) and smaller (rp = 10 nm) AuNPs attached to the
HOPG/polyphenylene substrate were accurately determined by fitting experimental currentdistance curves to the theory.
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Chapter 5. Electrochemistry and Electrocatalysis at Single Gold
Nanoparticles Attached to Carbon Nanoelectrodes

5.1. Introduction
Metal nanoparticles have attracted a great deal of research interest because of their unique
physical and chemical properties. They are extensively utilized as catalysts due to the high surface
area to mass ratio. Understanding the relationship between the size and structure of a nanoparticle
(NP) and its catalytic activity is essential for fundamental advances in electrocatalysis and
technological applications.1-11 In most published studies, the use of a large ensemble of particles
obscured the effects of variations in NP size, shape, orientation, and local environment on catalytic
activity.
Different electrochemical strategies were proposed to perform experiments at single NPs 1
most of which focused on monitoring current transients produced by collisions of a metal particle
with a micrometer-sized electrode.12-18 The Bard group was first to detect the landing of catalytic
NPs on the microelectrode surface.16 The Compton group used the particle collision method to
determine the size distribution and concentration of NPs by measuring the charge transferred in
the current transient.19,20 Such experiments provided information about transport processes and
collision dynamics rather than electron transfer or catalytic reactions.
To access chemical information at a single metal nanoparticle, one can attach it to the
surface of a nanometer-sized electrode, which has to be sufficiently small to eliminate the
possibility of multi-NP binding.21 In this way, the Zhang group probed oxygen reduction reaction
and underpotential deposition of Cu at a Au NP attached to the Pt nanoelectrode.22 This work also
showed the importance of using catalytically inert substrate material in single NP experiments:
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although well-shaped steady-state voltammograms and chronoamperometric transients were
obtained, it was difficult to differentiate between the currents flowing at the AuNP and the
underlying Pt surface.
We have previously studied Au NPs attached to glass23 and carbon nanopipettes,24 but no
isolated single particles at the probe tip have been reported. Here, we employ very small carbon
nanoelectrodes to measure catalytic currents at a single 10 nm gold particle. To ensure that the
electrochemical signal is produced by one NP, the carbon tip radius (a) must be smaller than or
comparable to the particle diameter. Such electrodes were prepared by chemical vapour deposition
(CVD) of carbon inside a pre-pulled quartz nanopipette.

Figure 5.1 Schematic representation of the three ways of Au NP immobilization on carbon
nanoelectrode.
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Three approaches to the immobilization of Au NPs on the carbon nanoelectrode surface
employed in this work are outlined in Fig. 5.1. The Au NPs may either directly adsorb to the
carbon surface (1) or be attached via polyphenylene multilayer film (2 and 3). This film was
formed in-situ by the electrochemical reduction of the corresponding aryl diazonium compound,
as reported previously for macroscopic carbon electrodes.25-27 The negatively charged citratestabilized Au NP can be electrostatically attached to the positive polyphenylene layer (2). Even
stronger AuNP binding was attained by converting the terminal amine groups to diazonium and
subsequent electrochemical reduction, resulting in the C-Au covalent bonding (3). (This
methodology was developed by Liu et al. for modifying macroscopic carbon electrodes28).

5.2. Experimental Section
Chemicals and Materials Ferrocenemethanol (99%, Alfa Aesar) was sublimed before use.
Cetyltrimethylammonium bromide (CTAB) (Alfa Aesar), 1,2-dichloroethane (DCE) (99.8%,
Sigma-Aldrich), p-phenylenediamine (≥99%, Sigma-Aldrich), NaNO2(99.99%, Alfa Aesar),
KCl(99+%, Sigma-Aldrich), HCl (37%, Sigma-Aldrich), HClO4 (AR grade, BDH) and H2SO4
(AR grade) were used as supplied by the manufacturers. Deionized water from a Milli-Q
purification system (resistivity >18 MΩ cm) was used to prepare all aqueous electrolyte solutions.
The nanometer sized gold colloids (Ted Pella Inc.) were in size of 10-nm-diameter (5.7 × 1012
particles/mL) and 20-nm-diameter (7 ×1011 particles/mL), dispersed in water, and stabilized with
a net negative surface charge by trace amounts of citrate. The same Au NPs were recently
characterized by TEM, and the obtained size distribution showed an average diameter of 9.5 ± 0.3
nm in a good agreement with the 10 nm nominal particle size given by the manufacturer.29
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Instrumentation and procedures. Voltammetric experiments were carried out using a
BAS-100B electrochemical workstation (Bioanalytical Systems, West Lafayette, IN). An all-glass
three-electrode cell was employed in the Au cluster synthesis. The Au working electrodes
(geometry area of 0.03 cm2) were purchased from CH Instruments. Prior to use in voltammetric
experiments, the working electrodes were polished with an aqueous 0.3 μm alumina suspension
on a polishing cloth (Buehler), rinsed with water, then sonicated to remove excess alumina, before
a final rinse with water. Pt foil was used as the auxiliary electrode. Voltammetry at nanoelectrodes
was performed in a two-electrode cell at room temperature (22−25 °C) inside a Faraday cage. All
potentials were measured against the Ag/AgCl (3 M KCl) reference electrode (Bioanalytical
Systems) and quoted against NHE.
A JEOL JEM-2100 transmission electron microscope was used to characterize carbon
nanoelectrodes with and without attached AuNPs. The ~3 mm portion of the electrode adjacent
to its tip was attached to the grid (PELCO Hole Grids, Copper) in such a way that its tip was
exposed to the beam in the grid center hole, and the rest of the electrode was cut off. A relatively
low intensity electron beam voltage of 120 kV was used to reduce the charge/heat accumulating
effects on the quartz surface. LDI-TOF mass spectra were acquired using an Autoflex II TOF/TOF
(Bruker Daltonics, Germany) spectrometer equipped with a standard UV nitrogen laser (337 nm).
An approximately 1 μL of the sample was spotted onto clean MALDI plate and allowed to dry in
air for about 15 minutes. Same procedure was followed for all the samples. Each sample was
spotted in duplicate on a MALDI plate. The plate was loaded in the MALDI – TOF setup.
Ionization was achieved by irradiating the sample spots using UV nitrogen laser at 337 nm
wavelength and an operating frequency of 25 Hz. The spectra were acquired in positive ionization
and reflection mode with an acceleration voltage of 20.0 kV. In general, 1393 laser shots were
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averaged for each spectrum. UV-Vis spectra were obtained with a LAMBDA 25 UV-Vis
Spectrometer (PerkinElmer).
Fabrication of carbon nanoelectrodes. The nanopipettes with the tip diameter from 10 to
100 nm were pulled by a laser pipette puller (P-2000; Sutter Instruments) from quartz capillaries
(1.0 mm o.d., 0.3 mm i.d. or 1.0 mm o.d., 0.7 mm i.d.; Sutter Instruments). Carbon was deposited
inside the pulled quartz pipette by CVD, using methane as the carbon source and argon (Ar) as the
protector, as described previously.30,31 The Ar flow of 200 standard cubic centimetres per minute
(sccm) was passed through the CVD reaction chamber during heating.

Once the furnace

temperature reached 875°C, a mixed flow of methane and Ar was passed through the reaction
chamber. The thickness and distribution of carbon layer depend on the pipette shape, the tip
diameter, the CVD time and the composition of the gas mixture. For quartz nanopipettes used in
this work, the CVD time of 3 h and the 1:1 methane to Ar ratio normally produced nanoelectrodes
with the pipette orifice completely filled with carbon. Several other factors, including the furnace
temperature and total gas flow rate, can also affect the synthesized carbon layer morphology. To
expose the carbon surface, the electrodes were polished under video microscopic control, as
described previously.32 Briefly, a micromanipulator was used to move the nanoelectrode toward
the slowly rotating disk covered with 50 nm lapping tape. The video microscope was used to
roughly evaluate the distance between the tip and the lapping tape and ensure that the tip never
touches the polishing disk to avoid a significant increase in its radius.
Immobilization of Au NPs and Au clusters on carbon nanoelectrodes. Au NPs were
either directly attached (adsorbed) on the carbon surface, or electrostatically attached to the
polyphenylene film, or covalently linked via the reduction of an aryl diazonium salt. In the first
case, a carbon nanoelectrode was immersed in AuNP solution for 1.5-2 hours, and a single gold
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nanoparticle spontaneously attached to its tip, as confirmed by voltammetry and TEM (Figs. 5.2B
and 5.3A).

A polyphenylene multilayer (C-Ph-NH2) resulted from the reduction of the

corresponding aryl diazonium compound on the carbon nanoelectrode by applying to it one
triangular potential sweep between 0.1 V and -0.8 V vs. Ag/AgCl. Aryl diazonium was formed in
situ by mixing 200 μL of 50 mM NaNO2 with 1 mL of aqueous solution containing 10 mM pphenylenediamine and 0.5 M HCl.25 The modified nanoelectrode was kept in 0.1 M HCl for 10 s
to protonate -NH2 to -NH3+. The negatively charged citrate-stabilized Au NPs were
electrostatically attached to the protonated film by immersing the electrode in Au NP solution for
2 hours. For the covalent attachment, the C-Ph-NH2 surface was first immersed in 5 mM NaNO2
and 0.5 M HCl for 15 min followed by two potential cycles between 0.1 V and -0.8 V vs Ag/AgCl
in AuNP solution at the scan rate of 100 mV/s.28 To attach Aux clusters to a carbon nanoelectrode,
the clusters electrodeposited on a gold foil were dispersed in a dilute aqueous CTAB solution. The
carbon electrode was kept in this dispersion for ~30 minutes.

5.3. Results and discussion
A TEM image of the tip of the pulled quartz nanopipette completely filled with carbon is
shown in Fig. 5.2A. Although CVD was conducted at 900°C, which is significantly lower than
the strain temperature of quartz capillaries (>1000 °C), the tip of a very small (e.g., <20 nm) pipette
typically melted, and so the deposited carbon was completely encased in quartz (Fig. 5.2A). When
used as a working electrode, such insulated pipette produced no electrochemical signal until the
carbon surface was exposed by polishing. A TEM micrograph of a 20 nm AuNP directly attached
to the carbon nanoelectrode is shown in Fig. 5.2B.
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Figure 5.2 TEM images of (A) a pulled quartz nanopipette filled with carbon by CVD and (B) a carbon
nanoelectrode with a 20 nm AuNP attached to its tip.

Curve 1 in Fig. 5.3A shows a voltammogram of ferrocenemethanol (FcMeOH) obtained at
a polished carbon nanoelectrode. From the diffusion limiting steady-state current, the effective
radius a = 3 nm can be evaluated using Eq. (5.1) for the inlaid disk
id = 4nFDc*a

(5.1)

where n = 1 is the number of transferred electrons, F is the Faraday constant, c* = 1 mM and D =
7.6 x 10-6 cm2/s are the bulk concentration and the diffusion coefficient of FcMeOH, respectively.
After this electrode spent two hours in ~9 nM solution of 10 nm Au NPs, the diffusion limiting
current increased to ~3.2 pA value that is expected for a 10 nm diameter spherical electrode (curve
2). Although the mechanism of the NP attachment to bare carbon surface is not completely clear,
the electrode response was stable and reproducible on the time scale of hours. Similar behavior
was observed previously at macroscopic glassy carbon electrodes.33
In Fig. 5.3B, the Au NP was attached to the carbon electrode by modifying its surface with
a multilayer polyphenylene film. The recorded successive voltammograms of the aryl diazonium
reduction at carbon nanoelectrodes (Fig. 5.4A) are similar to those typically observed at the
macroscopic electrodes.25 Although the first reduction peak is not as well defined as it would be
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at a larger electrode, the decrease in the current with the scan number points to the formation of
the insulating polyphenylene layer. The passivation of the nanoelectrode is also evident in
voltammograms of FcMeOH before and after the reduction of aryl diazonium (Fig. 5.4B). The
current is blocked by the polyphenylene layer formed on the carbon surface (black curve).

Figure 5.3 Steady-state voltammograms of 1 mM FcMeOH in 0.2 M KCl obtained at carbon
nanoelectrodes before (1) and (2) after attaching a 10 nm AuNP. The AuNP was attached to (A) bare
carbon surface and (B) carbon electrode modified with a polyphenylene film. Potential sweep rate, v =
50 mV/s.

Figure 5.4 Formation of the polyphenylene layer at carbon nanoelectrodes. (A) Successive cyclic
voltammograms of the aryl diazonium reduction at a carbon electrode recorded in aqueous solution
containing 10 mM NaNO2, 10 mM p-phenylenediamine and 0.5 M HCl. v = 100 mV/s. (B) Cyclic
voltammograms of 1 mM aqueous FcMeOH before (red) and after (black) the reduction of aryl
diazonium at the 6-nm-radius carbon nanoelectrode. v = 50 mV/s.
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Carbon nanoelectrodes employed in this study were too small for either AFM34 or SECM35
characterization. The 1 nm to 5 nm radius values were deduced from diffusion limiting currents
(1 pA; curves 1 in Figs. 5.3A and 5.3B). These very small currents could either correspond to
the effective radii of the carbon surface area exposed to solution or to a much larger electrode
recessed into the quartz insulator.36 In the latter case, a small limiting current would correspond to
the size of the aperture of the nanocavity containing the recessed electrode.36 The recessed
geometry is not, however, consistent with the diffusion limiting current of ~3.2 pA (curve 2 in Fig.
5.3A) obtained after NP deposition. This value is very close to the steady-state diffusion current
of 1 mM FcMeOH expected at spherical electrode with the radius, r = 5 nm attached to the
insulating plane37
id = 4nFDc*rln2 = 3.18 pA,

(5.2)

thus suggesting the attachment of a single AuNP to the carbon nanoelectrode; but such attachment
would not be possible if the carbon surface was recessed inside a nanocavity with an opening
radius of <5 nm. The direct attachment of an AuNP to the carbon surface is also evident from the
HER catalytic current (Fig. 5.5A).
The effective radius of the carbon electrode in Fig. 5.3B extracted from curve 1 was ~1
nm. The diffusion limiting current of FcMeOH in curve 2 recorded after the reduction of aryl
diazonium salt at this electrode and subsequent attachment of an AuNP (~1.8 pA) was somewhat
smaller than that in Fig. 5.3A. This difference is caused by the smaller AuNP surface exposed to
the solution because of the nanoparticle was partially buried into the nm-thick polyphenylene
multilayer.27
The catalytic effect of nanoparticles can be seen by comparing voltammograms of
hydrogen evolution reaction (HER) from 0.1 M HClO4 obtained at a bare carbon nanoelectrode
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(curves 1 in Figs. 5.5A and 5.5B) to those recorded after attaching an AuNP to its surface (curves
2 in Figs. 5.5A and 5.5B). A significant (>0.5 V) shift in the current onset potential corresponds
to the much higher activity of AuNP towards proton reduction. The HER onset at the AuNP
sticking directly to the carbon surface (Fig. 5.5A) occurs at significantly more positive potentials
than at those attached through the polyphenylene film (Fig. 5.5B). This difference is probably due
to the insulating properties of the film, which impedes the electron transfer between the carbon
surface and AuNP.

Figure 5.5 Voltammograms of HER from 0.1M HClO4 at a carbon nanoelectrode (1), single AuNP
attached to it either directly (curve 2 in A) or via polyphenylene film (curve 2 in B), and Aux clusters
(curve 2 in C). a, nm = 3 (A), 1 (B), and 8 (C). v = 100 mV/s. (D) Tafel plot for HER obtained from
curve 2 in A.

Fig. 5.5D shows the Tafel plot for HER obtained from the polarization curve of Fig. 5.5A.
The linear portion at higher overpotentials exhibits a 0.12 V/decade slope consistent with literature
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data for HER at polycrystalline gold.38 However, a smaller Tafel slope (~0.03 V/decade) at lower
overpotential was not observed, probably due to the passivating effect of citrate stabilizer.
Carbon nanoelectrodes can also be used to probe catalytic activity of low atomicity gold
clusters,39-41 (Aux, 2 < x < 13; Au5 being principal species;42). Very small Au clusters can act as
active chemical catalysts40 and electrocatalysts,41-43 thus representing an intriguing intermediate
case between molecular and heterogeneous catalysis.

The effect of modifying the carbon

nanoelectrode surface with Au clusters on HER is shown in Fig. 5.5C. While addressing a single
metal atomic cluster was not feasible using our current experimental setup, catalytically inert
carbon nanoelectrodes with extremely low background currents and wide potential window can
facilitate studying electrocatalysis at such species. Based on the current onset in Fig. 5.5C, the
activity of atomic Au clusters towards HER is significantly higher than that of 10 nm AuNPs. The
disordered nature of the cetyltrimethyl ammonium bromide (CTAB) protecting layers on Au
clusters is likely to expose catalytically active edge or defect sites and enhance the catalytic activity
of Au clusters.42
The inert carbon surface is a convenient substrate for investigating hydrogen adsorption at
Au NPs. Brust and Gordillo44 recently reported hydrogen adsorption peaks at 1-16 nm Au NPs
immobilized on a mercury surface. No such peaks have been observed at macroscopic gold
electrodes. In Fig.5.6, a pair of adsorption/desorption peaks can be seen at carbon nanoelectrodes
with immobilized 10 nm AuNPs (curves 2), but not at the same electrodes before the attachment
of particles (curves 1). Because the current produced by hydrogen adsorption at a single 10 nm
Au NP is too low to measure with our experimental setup, the voltammograms in Fig.5.6 were
obtained with a number of Au NPs attached to larger (a ≥100 nm) carbon nanoelectrodes. The
linear dependence of the peak current on potential sweep rate in Fig.5.7 indicates that the
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electroactive species is adsorbed on the electrode surface. The linear relation of peak potential and
the pH value suggests that protons are involved in the reaction.

Figure 5.6 Voltammograms of hydrogen adsorption/desorption obtained at carbon nanoelectrodes in 0.1
M HClO4 before (1) and after (2) the attachment of AuNPs to the carbon surface (A) covalently and (B)
electrostatically.

The effect of Au NP immobilization on hydrogen adsorption was investigated using
different procedures to attach nanoparticles to carbon nanoelectrodes (Fig.5.1). Fig. 5.6A shows
a cyclic voltammogram of hydrogen adsorption/desorption at Au NPs covalently attached to the
surface by generating diazonium radicals at the polyphenylene layer, which resulted in the covalent
bond formation between the film and the NPs28 (attachment method 3 in Fig.5.1). The half-peak
width (Ep/2), which is expected to be 90.6/n mV for a n-electron Nernstian oxidation/reduction
involving adsorbed species, is close to 45 mV in Fig. 5.6A and to 90 mV in Fig.5.6B obtained with
Au NPs electrostatically attached to the polyphenylene film (attachment method 2 in Fig.5.1). This
result, which has been reproduced using several carbon nanoelectrodes, suggests different numbers
of transferred electrons for the hydrogen adsorption occurring at the covalently (n = 2) and
elecrostatically (n = 1) attached Au NPs. The former number was interpreted as the predominance
of the reductive proton adsorption followed by reduction of the second proton at the same site
(Volmer−Heyrovsky mechanism).44 Our data also agrees with the suggestion that neither the use
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of Hg as the substrate for Au NP attachment nor the thiol-protection of the particles was essential
for observing hydrogen adsorption/desorption peaks.44

Figure 5.7 Scan rate and pH dependences of hydrogen adsorption at AuNP. (A) Voltammograms in 0.1
M HClO4. v, mV/s = 50 (green), 100 (red) and 200 (blue). (B) ip vs v dependence from A. (C) Ep vs. pH
dependence obtained at v = 500 mV/s.

The Ep/2 of ~100 mV in Fig. 5.6B suggests a one-electron transfer process attributable to
the Volmer-Tafel mechanism. Possible reasons include changes in the protective layer of Au NPs
and the extent of their aggregation. Specifically, it was shown that the citrate protective layer
desorbs from the Au NPs at negative potentials applied to effect covalent immobilization of gold
nanoparticles.28 The removal of stabilizing ligands may have increased the number of active sites,
facilitating the one-electron reduction followed by recombination of adsorbed atomic hydrogen.
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5.4. Conclusions
We used carbon nanoelectrodes with well-defined geometry to investigate catalytic
responses of single Au NPs and atomic gold clusters. Three different methods were used for
attaching NPs to the electrode surface and showed significant effects of the particle immobilization
on HER catalysis and hydrogen adsorption. The electrostatic attachment of an Au NP to the
polyphenylene film used as an anchoring layer resulted in a less efficient HER catalysis as
compared to that at a similar nanoparticle adsorbed directly on the carbon surface. Different
effective numbers of transferred electrons were found for hydrogen adsorption on covalently and
electrostatically attached Au NPs.
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Chapter 6. Carbon Pipette-Based Electrochemical Nanosampler

6.1. Introduction
Advances in nanoelectrochemistry made over the last two decades1,2 provided new tools
for electrochemical experiments in ultra-small (pico- to zeptoliter) volumes.3-6 In addition to
fundamentally interesting physicochemical measurements at the level of single molecules,7-9 such
experiments can offer important advantages for cell biology,10-12 microfluidics,13 and
nanotechnology.14 The two alternative strategies for these experiments are either to take
measurements in situ (e.g., inside a biological cell3,6 or a vesicle5) or to sample solution for
subsequent analysis (e.g., in a picoliter vial15). The former approach may be more straightforward,
but not always feasible, while the latter requires a suitable tool for solution sampling and transfer.
The sampling devices are often plagued by the common problem—a relatively large tip
size. Additionally, the sampled solution must not be significantly diluted or contaminated before
the analysis. For example, the contamination and alteration of a sample was a potential issue with
the “attosyringe”—a nanopipette-based device, which we previously employed for solution
sampling and intracellular injections: organic solvent contained inside the pipette could damage
the sampled biomolecules.16The electrochemical nanosampler discussed in this section is free from
both problems. It is produced by chemical vapor deposition (CVD) of a thin carbon layer on the
inner surface of a quartz pipette whose tip radius can be as small as a few nanometers.17 The
resulting geometry is shown schematically in Fig. 6.1. When a nanosampler is placed in either
aqueous or organic solution, a small volume of liquid gets driven into the carbon-coated
nanopipette (CNP) by capillary forces. The redox species contained in solution (e.g., the reduced
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form, R, pictured in Fig. 6.1A), can be oxidized or reduced at the carbon nanoring exposed to
external solution and at the carbon surface inside the pipette. The voltammetric response of such
an electrode should include a steady-state component produced by the convergent diffusion and a
transient component due to the oxidation/reduction of the sampled redox species inside the pipette.
The shape of the resulting voltammograms strongly depends on the depth of the carbon nanocavity,
which can be either shallow (i.e., the depth is equivalent to a few pipette radii; panel i in Fig. 6.1B),
deep (Fig. 6.1B, panel ii), or essentially infinite (open carbon pipette in Fig. 6.1B, panel iii). It is
shown below that each geometry is suitable for rapid exhaustive electrolysis of the sampled species
due to the very fast mass-transfer inside the nanopipette.

A
R

O

B

-e-

i

ii

iii

Figure 6.1 Schematic representation of an electrochemical nanosampler. (A) Oxidation of redox active
species (R) occurs on the carbon-coated inner pipette wall and on the carbon nanoring exposed to
solution. (B) Nanosampler behavior depends on the depth of its cavity: (i) shallow, (ii) relatively deep,
and (3) very deep (open CNP).

6.2. Experimental Section
Chemicals. Ferrocenemethanol (FeMeOH; 99%, Alfa Aesar) was sublimed before use.
Hexaammineruthenium(III) chloride (99%, Strem Chemicals) was used as received. Aqueous
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solutions were prepared from deionized water (Milli-Q, Millipore Corp.), and KCl (99+%, SigmaAldrich) was used as the supporting electrolyte.
Fabrication of Carbon Nanopipettes. Quartz capillaries (1.0 mm o.d., 0.3 mm i.d. and
1.0 mm o.d., 0.7 mm i.d.) were purchased from Sutter Instrument Co. The nanopipettes with the
tip diameter from 10 to 200 nm were pulled by a laser pipette puller (P-2000; Sutter Instruments)
from these quartz capillaries. A layer of carbon was deposited inside the quartz pipette by the
CVD method, using methane as the carbon source and argon as the protector, as described
previously.17 The Ar flow of 200 standard cubic centimeters per minute (sccm) was passed through
the CVD reaction chamber during heating. Once the furnace temperature reached 875°C, a mixed
flow of methane and Ar was passed through the reaction chamber.
Different types of carbon nanopipettes were fabricated by controlling the CVD time and
the composition of the gas mixture. A relatively short CVD time (30 min) and lower methane to
argon ratio yielded the pipettes with an open path in the middle (panel iii in Fig. 6.1B). Conversely,
by increasing CVD time to 90 min and using a higher methane to argon ratio one can increase
the carbon layer thickness and close the path, leaving a cavity at the very end of tapered shaft
(panels i and ii in Fig. 6.1B). In this study, the CVD time of 100 minutes and the 1:1 methane to
argon ratio produced nanoelectrodes with carbon layers on the inner wall of the quartz pipette that
blocked the pipette channel and contained a cavity adjacent to the end of the capillary. Cavity
depth can be equivalent to ~4 to ~200 pipette radii depending on tip diameter and pipette geometry
shape. Several other factors, including the furnace temperature and total gas flow rate, can also
affect the synthesized carbon layer morphology.
Characterization of nanopipettes by SEM and TEM. A Zeiss Supra 50VP scanning
electron microscope (SEM) was used to characterize surface morphology of the fabricated
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nanoprobes. The side view of the tip was used to verify the absence of a carbon layer on the outer
wall formed during CVD, and the top view showed the size of the nanopipette orifice. Side view
images were taken with the 1.5-3 kV gun voltage, and top view images - with 1.5 kV – 2 kV
voltage for a typical working distance of 4 mm. A JEOL JEM-2100 transmission electron
microscope (TEM) was used to characterize the carbon distribution near the tip of the nanopipette.
The pipette was attached to the grid (PELCO Hole Grids, Copper) in such a way that its tip was
shown in the grid center hole, and the rest of the pipette was cut off. A relatively low electron
beam voltage of 120 kV was used to reduce charge/heat accumulating effects on the glass layer.
The TEM images showed that under different carbon deposition conditions the pipettes could
either have an open path in the middle or a nanocavity at the tip.
Electrochemical experiments. The two-electrode setup was used with a 0.25-mmdiameter Ag wire coated with AgCl serving as a reference electrode. Voltammograms were
obtained using a BAS-100B electrochemical workstation (Bioanalytical Systems, West Lafayette,
IN). All experiments were carried out at room temperature (22−25 °C) inside a Faraday cage.
SECM setup. SECM experiments were carried out using a home-built instrument, which
was similar to that described previously.18A clean silanized glass slide was used as the substrate
in negative feedback experiments. To obtain an SECM approach curve, the nanosampler used as
a tip was first positioned a few hundred micrometers above the substrate surface. To avoid
crashing, this process was monitored with a long-distance video microscope. Then, the tip was
moved closer to the substrate in the automated “surface hunter” mode until the tip current produced
by oxidation of ferrocenemethanol (FcMeOH) decreased by ~10%. The tip current was collected
during the subsequent fine approach.
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Finite element simulations. The electrochemical response of carbon-coated nanopipette
was modeled for a Nernstian one-electron redox process assuming diffusion-controlled mass
transport (excess supporting electrolyte). The time-dependent and steady-state voltammetric
responses were simulated using COMSOL Multiphysics v4.2a (Comsol, Inc.). The axisymmetric
diffusion problem for the nanosampler geometry is shown in Appendix.
6.3. Results and Discussion
Electrochemical nanosampler geometry. Deposition of carbon inside quartz nanopipettes has been studied extensively. TEM and optical studies of the films inside pipettes and
electrical conductivity measurements showed that films are continuous and, under the selected
deposition conditions, carbon spreads from the tip through the entire length of the pipette.17b The
geometry of a CNP is defined by several parameters: the orifice radius, a, the radius of outer wall,
rg, the tip taper angle, θ, and the depth of the carbon-coated cavity, h (Fig. 6.2).

Figure 6.2 Parameters defining the diffusion problem for a CNP and the geometry of the simulation
space.
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For quartz pipettes used in our experiments, the typical value of the dimensionless
parameter, RG = rg/a is 1.5 - 2.17c,18 The cavity depth effect depends on the value of another
dimensionless parameter, H = h/a. The orifice radius, a, can be evaluated from steady-state
voltammetry, and the thickness of the carbon layer at the tip does not considerably affect the
electrochemical response as long as it is significantly smaller than a (e.g., 0.2a; see below).
The geometric parameters of the pipette, i.e., a, h, and θ, can be evaluated from TEM and
SEM images. Fig. 6.3 shows TEM images of pipettes with the carbon coated inner wall,
corresponding to three cases shown schematically in Fig. 6.1B, i.e., with a shallow nanocavity
(Fig. 6.3A), relatively deep cavity (Fig. 6.3B) and a carbon pipette with an open path (Fig. 6.3C).
The volume of the cavity filled with solution can also be evaluated coulometrically (see below).

Figure 6.3 TEM images of carbon coated nanopipettes with different cavity depths. (A) a = 33 nm, θ =
8, H = 12; (B) a = 10 nm, θ = 5, H = 190; (C) open pipette, a = 4 nm, θ = 2.

Voltammetric response of the nanosampler: experiments and simulations. A typical
cyclic voltammogram (CV) of FeMeOH at a carbon-coated nanopipette electrode (curve 1 in Fig.
6.4A) exhibits an unusual combination of the steady-state plateau current at extreme positive
potentials with a pair of prominent slightly asymmetrical peaks. From the diffusion limiting
steady-state current, the effective radius a = 140 nm can be evaluated using Eq. (6.1) for an inlaid
disk
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𝑖𝑑 = 4𝑥𝑛𝐹𝐷𝑐 ∗ 𝑎

(6.1)

where n = 1 is the number of transferred electrons, F is the Faraday constant, c* = 1 mM and D =
7.6

×

10-6 cm2/s

19

are the bulk concentration and the diffusion coefficient of FcMeOH,

respectively. The factor x is a function of RG;20 x = 1.1 corresponds to RG = 2.0, which is typical
of thick-wall quartz pipettes used in this study.

Figure 6.4 CVs of 1 mM FcMeOH in 0.2 M KCl solution obtained using a ~100-nm-radius CNP at
different potential sweep rates. (A) v = 200 mV/s (1) and 10 mV/s (2). (B) A family of curves obtained
for the range of v from 10 mV/s to 500 mV/s. The inset shows the dependence of the anodic peak current
on v.

The appearance of two peaks with the potentials close to the formal potential of FcMeOH
(E′) in the nanoelectrode CV obtained at a relatively slow potential sweep rate (e.g., v ≥ 50 mV/s
in Fig. 6.4B) is indicative of the thin layer cell (TLC) type behavior. Such a response can be
attributed to complete oxidation of FcMeOH molecules inside the carbon-coated pipette shaft
during the anodic potential scan and subsequent reduction of ferrocenium species during the
reverse—cathodic—scan. Unlike regular twin-electrode TLCs,21 the peaks in Fig. 6.4A are
slightly asymmetrical and the forward (anodic) peak is somewhat higher than the reverse one. This
shape results from the addition of the steady-state diffusion current to the pipette orifice (curve 2
in Fig.6.4A) to both anodic and cathodic portions of a symmetrical TLC (which represent the
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oxidation and reduction of the redox mediator inside the pipette, respectively). The addition of
the steady-state anodic component makes the anodic peak in curve 1 somewhat higher and the
cathodic peak lower.
The CV shape depends greatly on the potential sweep rate. Curve 2 in Fig. 6.4A obtained
at low v =10 mV/s is completely sigmoidal and can hardly be distinguished from a steady-state
voltammogram obtained at a flat disk nanoelectrode. In contrast, a faster scan CV (curve 1 in Fig.
6.4A; v = 200 mV/s) is peak-shaped. As expected for TLCs,21 the peak current measured with
carbon-coated nanopipettes is directly proportional to v (see the inset in Fig. 6.4B), while the
steady-state current due to the quasi-spherical diffusion to the carbon nanoring in the external
solution is essentially independent of v (Fig. 6.4B). The charging current is somewhat higher than
that obtained with typical nanoelectrodes due to the larger carbon/solution interface inside the
CNP.

Figure 6.5 Portions of simulated concentration profiles of (A) O and (B) R species adjacent to the
pipette orifice at a positive potential corresponding to diffusion limiting current. E = E′ + 200 mV, H
= 50, tanθ = 0.1.
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The voltammetric features in Fig. 6.4 are in agreement with the results of finite element
simulations (Figs. 6.5 and 6.6). Simulated concentration profiles of oxidized (Fig. 6.5A) and
reduced (Fig. 6.5B) forms of FcMeOH at E = E′ + 200 mV, consist of two distinct parts—a quasispherical diffusion layer near the pipette orifice with the radius comparable to a and the entire
carbon-coated nanocavity in which all FcMeOH species are oxidized. These two parts of the
diffusion field are responsible for the steady-state and time-dependent components of the electrode
response in Fig. 6.4.

Figure 6.6 Simulated voltammetric responses of CNP electrodes. (A) CNP voltammograms at slow (1;
σ = 10-7) and fast (2; σ = 10-2) scan rates, H = 50; and a steady-state voltammogram at the inlaid disk
electrode (3). (B) Effect of the cavity depth (H) on the shape of CNP voltammograms. σ = 10 -4. (C)
Effect of the carbon layer thickness (TC = tc/a) on the shape of CNP voltammograms. σ = 10-2; H = 50.

The shapes of the simulated CVs (Fig. 6.6) are very similar to those of the experimental
curves in Fig. 6.4. When the dimensionless scan rate, 𝜎 =

𝑎2 𝑛𝐹𝑣
4𝐷 𝑅𝑇

is small, sigmoidal and

retraceable voltammograms (e.g., curve 1 in Fig. 6.6A) suggest that the non-steady-state current
inside the pipette completely vanishes on this relatively long experimental time scale ( = 10-7
corresponds to v = 5 mV/s if a = 50 nm). The shape of curve 1 and the diffusion limiting current
value are quite similar to those computed for a disk electrode of the same radius (curve 3 in Fig.
6.6A). One can compare the steady-state response of the CNP to that of the inlaid ring electrode.22
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The diffusion current is slightly higher in the former case because the redox species penetrated
inside the pipette shaft get quickly oxidized (or reduced) at the carbon-coated inner wall. For
instance, with the carbon layer thickness tc = 0.1a, the diffusion limiting steady-state current at the
CNP is ~88% of that to the disk electrode of the same radius (Eq. 6.1); this is somewhat higher
than ~81% calculated for the inlaid ring electrode with the same ring thickness and radius.22
At a fast scan rate, the simulated CV (curve 2 in Fig. 6.6A) exhibits a pair of prominent
peaks corresponding to oxidation and reduction of the redox species in the nanocavity inside the
CNT. The rapid mass transfer in the nanocavity results in exhaustive electrolysis of sampled
molecules even on a short experimental time scale ( = 10-2 corresponds to v = 500 V/s if a = 50
nm), and at E >> E′, the anodic current decreases to the steady-state value, which is independent
of v (cf. curves 1 and 2 in Fig. 6.6A).
The family of simulated CVs in Fig. 6.6B illustrates the effect of the cavity depth on the
nanosampler response at a constant scan rate ( = 10-4). With increasing H, the transition can be
seen from the steady-state behavior of an inlaid disk (H = 0) to peak-shaped CVs. At moderate
scan rates, the peaks are observable only if H >> 1 (e.g., H ≥ 50 in Fig. 6.6B) because the total
charge of molecules undergoing oxidation/reduction is directly proportional to the nanocavity
volume. At smaller H, the recorded steady-state voltammograms are very similar to those obtained
at an inlaid disk except for a slightly lower plateau current. Neither a steady-state nor a timedependent component of the voltammetric current depends strongly on the thickness of the carbon
layer as long as TC << 1 (Fig. 6.6C).
The steady-state diffusion limiting current in Fig. 6.6B is essentially independent of the
cavity depth in sharp contrast with recessed nanoelectrodes23 or nanopore electrodes,24 where it
decreases markedly and becomes immeasurably small when H >> 1. This difference is due to the
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conductive carbon ring on the edge of the CNP orifice. Fig. 6.7 contrasts the shapes of CVs
simulated for CNPs (curves 1 and 2) and recessed disk electrodes (curves 3 and 4). At the faster
scan rate (σ =10-2), curve 1 exhibits a pair of TLC-like peaks with the height proportional to v and
a very small peak separation due to the exhaustive electrolysis inside the CNP. The CV symmetry
is somewhat distorted by the contribution of the steady-state oxidation current. In contrast, curve
3 with asymmetrical diffusion peaks separated by ~50 mV is similar to the Nernstian CV at the
infinite planar electrode25 due to essentially linear diffusion inside the conical pore of a deeply
recessed electrode.24 The difference in CV shape stems from the presence of the conductive carbon
layer on the inner pipette wall, which results in the fast mass-transfer rate inside a deep nanocavity.
At a slow scan rate, the (σ =10-7), the steady-state CNP voltammogram (curve 2) is strikingly
different from essentially flat curve 4 calculated for a deeply recessed disk (H = 50).

Figure 6.7 Simulated CVs for a CNP (curves 1 and 2) and a recessed disk electrode (curves 3 and 4)
with the same normalized cavity depth, H = 50. σ =10-2 (1, 3) and 10-7 (2, 4).

A CNP with an open path in the middle can also be used for sampling solution species.
The CVs obtained with open CNPs (Fig. 6.8A) are similar to those at CNP electrodes with a finite
cavity volume (Fig. 6.8B). The difference is that in the latter case subsequent cyclic scans are
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essentially identical, while in the former the current increases with the scan number due to the
gradual advance of the solution front into the “infinitely” long pipette shaft.

Figure 6.8 Three consecutive cyclic voltammetric scans obtained using an open CNP (A) and a CNP
with a finite cavity (B) in 0.2 M KCl aqueous solution containing 1 mM FcMeOH. v = 100 mV/s. The
cycle numbers are shown in A. a, nm = 46 (A) and 115 (B).

Coulometry of sampled molecules. The number of redox molecules sampled inside a
CNP can be found by integrating their oxidation or reduction current. For accurate analysis, the
contribution of the steady-state diffusion current from the external solution and the double layer
charging current have to be subtracted. Two slightly different situations are shown in Fig. 6.9. At
a relatively slow scan rate (e.g., 500 mV/s; curve 1 in Fig. 6.9A) and a deep cavity, the charging
current is less important, but the steady-state component can be significant. The colored area under
the peak and above the steady-state curve (Fig. 6.9A) corresponds to the charge, QFc = 5.7 ×10-11
C and NFc = 5.9 × 10-16 mol of FcMeOH sampled in the cavity.
At a much higher v (e.g., 50 V/s; curve 1 in Fig. 6.9B), the contribution of the charging
current is more significant than the steady-state component (curve 2 in Fig. 6.9B; v = 50 mV/s).
The charge value found after the subtraction is QFc = 4.7 × 10-13 C, corresponding to NFc = 4.9 ×
10-18 mol of FcMeOH in the cavity. These numbers are much smaller than those found from
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Fig. 6.9A because the CNP used in Fig. 6.9B was very small; a = 3 nm was calculated from the
𝑄

steady-state current in curve 2. The cavity volume, 𝑉 = 𝐹𝑐𝐹𝑐∗ = 1.2 × 10-16 L = 120 aL was
𝐹𝑐

calculated from curve 1. This attoliter volume is comparable to the amount of liquid trapped in a
single nanotube.26

Figure 6.9 Evaluation of the amount of analyte in the nanocavity from CNP voltammograms. (A)
Voltammetric responses of a 140-nm-radius CNP in 0.2 M KCl aqueous solution containing 1 mM
FcMeOH. v, mV/s = 500 (1) and 10 (2). (B) CNP CVs of 40 mM Ru(NH3)6Cl3 in 0.5 M KCl. v, V/s =
50 (1) and 0.05 (2). a = 3 nm.

While the number of sampled redox species can be evaluated from the integrated current
without any information about CNP geometry, to determine the concentration of redox species
from CNP coulometry, one needs to know the volume of the sampled solution. This quantity is
not easily accessible, but it can be determined by adding to the solution a known concentration of
the second redox species to be used as a standard. The nanosampler calibration is illustrated by
Fig. 6.10, which shows a voltammogram obtained in a 0.2 M KCl solution containing 1 mM
FcMeOH and the “unknown” concentration of Ru(NH3)63+ (7.0 mM). From the pair of FcMeOH
oxidation/reduction peaks (the mid-point potential ~230 mV vs. Ag/AgCl; the difference between
the anodic and cathodic peak potentials is due to the resistive potential drop inside the CNP), one
can find the total charge of oxidation of FcMeOH within the cavity, QFc = 0.83 pC. This
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corresponds to the cavity volume, V = 8.6 × 10-12 cm3 = 8.6 fL. The charge equivalent to the
complete reduction of Ru(NH3)63+ within the same cavity is QRu = 5.8 pC, and the concentration
of this species can be evaluated as
∗
∗
𝑐𝑅𝑢
= 𝑐𝐹𝑐
𝑄𝑅𝑢 /𝑄𝐹𝑐 = 6.9 mM

(6.2)

in good agreement with the actual value of 7.0 mM.
The cavity volume value can also be validated by fitting an experimental CV to the theory
(Fig. 6.10B). Minor differences between the experimental and simulated curves in Fig 6.10B are
caused by the charging current and resistive potential drop inside the CNP, which are not included
in our simulations. From the experimental CV, the current integration under the anodic peak yields
the charge associated with the oxidation of sampled FcMeOH, QFc = 57 pC. With the FcMeOH
concentration of 1 mM, this charge corresponds to V = 0.59 pL. The 0.55 pL cavity volume
calculated for the geometry used in the simulation (a = 140 nm, h =298a, and tanθ= 0.08) agrees
well with the experimental value.

Figure 6.10 Evaluation of the analyte concentration and nanocavity volume from CNP voltammograms.
(A) Voltammetric response of an ~30-nm-radius CNP in 0.2 M KCl aqueous solution containing 1 mM
FcMeOH and 7 mM Ru(NH3)6Cl3. v = 10 V/s. (B) Experimental (solid line) and simulated (symbols)
CVs of 1 mM FcMeOH in 0.2 M KCl at a 140-nm-radius CNP. v = 500 mV/s. Simulation parameters:
RG = 1.8, H =298, tanθ = 0.08.
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CNP as an SECM tip. Precise positioning of a CNP is necessary to enable solution
sampling from small spaces. This is hard to achieve because the nanosampler tip is too small to
be seen by optical microscopy. One needs nanoscale positioning precision to insert such a probe
inside a submicrometer-sized vesicle or a microscopic pore in a catalyst layer. Precise positioning
and nanoscale motion control in penetration experiments have previously been attained by using a
nanoelectrode as an SECM tip.6,16,27 Because the redox species reaching the CNP orifice by
diffusion are quickly oxidized (or reduced) either at the carbon nanoring exposed to external
solution or at the portion of the conductive inner wall adjacent to the aperture, the CNP steadystate response is quite similar to that of the inlaid disk electrode (cf. curves 1 and 3 in Fig. 6.6A).
Expectedly, the shapes of SECM approach curves obtained with a CNP tip were in agreement with
the theory for a disk-shaped tip.

Figure 6.11 SECM current-distance curve obtained with a CNP tip approaching an insulating glass
substrate (symbols) and corresponding theory for the negative feedback (solid line; RG = 228). The
current and distance are normalized by iT,∞ = 28 pA and a = 98 nm, respectively. Solution contained 1
mM FcMeOH and 0.1 M KCl.

An SECM current vs. distance curve obtained with a CNP tip approaching an insulating
glass substrate (Fig. 6.11) was fitted to the theory for the negative feedback (black line),28 using
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RG = 2 and the radius value, a = 98 nm, calculated from the diffusion limiting current. Although
an unpolished CNP is not a perfect SECM tip, the fit between the theory and experiment in Fig.
6.11 is sufficiently good to establish the distance scale and facilitate the positioning of the
nanosampler in a close proximity of the substrate.
Another potential advantage of the nanosampler is a higher sensitivity—the signal
produced by oxidation/reduction inside a CNP can be significantly higher than the steady-state
current to the orifice of the same pipette (Fig. 6.4B). The work is underway in our laboratories to
modify the CNP inner surface and, thus, produce sensors for species that cannot be measured at
carbon electrodes. For instance, a sensor for sampling reactive oxygen and nitrogen species can
be produced by depositing Pt black inside the nanocavity.17c
One should notice that the diffusion of species from the outer solution into the pipette and
back is relatively slow. Thus, rapid changes in the composition of the outer solution (e.g., near a
biological cell surface) would affect the steady-state current to the carbon ring rather than the
transient current produced by the oxidation/reduction inside the CNP. By the same reason, no
significant loss of the sampled species can be caused by their diffusion away from the cavity.
6.4. Conclusions
We presented a new technique for sampling small volumes (aL to pL) of solution and rapid
electrochemical analysis of sampled redox species. The electrochemical nanosampler can be
useful when direct electrochemical measurements are difficult, e.g., in biological vesicles and
other subcellular compartments, in catalysis nanopores, and inside working batteries or fuel cells.
We simulated voltammetric responses of the nanosampler—a carbon filled quartz pipette with a
nanocavity inside—and demonstrated good agreement between simulated and experimental CVs.
Exhaustive electrolysis of sampled redox species results in measurable oxidation/reduction peaks
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at moderate potential sweep rates if the nanocavity depth is much larger than its radius (e.g., H 
50). The faster the sweep rate the smaller the lower limit for the cavity volume; however,
excessively high capacitive charging current at very high v may hinder the use of extremely small
CNPs with shallow cavities.
To facilitate precise positioning of the nanosampler near the object of interest, it can be
used as an SECM probe. Experimental approach curves obtained with a CNP tip can be
quantitatively fit to the theory to establish the distance scale and control the probe position relative
to the sample.

6.5. Appendix
Time-dependent diffusion problem for the electrochemical nanosampler
The diffusion problem for the electrochemical nanosampler is formulated here for reduced
species (R) and excess supporting electrolyte initially present in solution. The corresponding
differential equations in cylindrical coordinates are:
𝜕𝑐𝑅
𝜕 2 𝑐𝑅 1 𝜕𝑐𝑅 𝜕 2 𝑐𝑅
= 𝐷𝑅 ( 2 +
+
)
𝜕𝑡
𝜕𝑟
𝑟 𝜕𝑟
𝜕𝑧 2

(A6.1)

𝜕𝑐𝑂
𝜕 2 𝑐𝑂 1 𝜕𝑐𝑂 𝜕 2 𝑐𝑂
= 𝐷𝑂 ( 2 +
+
)
𝜕𝑡
𝜕𝑟
𝑟 𝜕𝑟
𝜕𝑧 2

(A6.2)

where t is time, r and z are the coordinates in directions parallel and normal to the pipette
orifice plane, respectively; 𝑐𝑅 (𝑟, 𝑧, 𝑡) and 𝑐𝑂 (𝑟, 𝑧, 𝑡) are the concentrations of R and O species,
respectively; and 𝐷𝑅 and 𝐷𝑂 are the diffusion coefficients of R and O species, respectively. In
this article, 𝐷𝑅 = 𝐷𝑂 = D. The normalized dimensionless variables can be introduced as
follows:
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R = 𝑟/𝑎

(A6.3.a)

Z = 𝑧/𝑎

(A6.3.b)

𝐶𝑂 (𝑅, 𝑍, ) = 𝑐𝑂 (𝑟, 𝑧, 𝑡)/𝑐 ∗ , 𝐶𝑅 (𝑅, 𝑍, ) = 𝑐𝑅 (𝑟, 𝑧, 𝑡)/𝑐 ∗

(A6.3.c)

LL = 𝑙𝑙/𝑎

(A6.3.d)

L = 𝑙/𝑎

(A6.3.e)

RG = 𝑟𝑔 /𝑎

(A6.3.f)

RS = 𝑟𝑠 /𝑎

(A6.3.g)

H = ℎ/𝑎

(A6.3.h)

TC = tc/a

(A6.3. i)

𝜏 = 4𝐷𝑡/𝑎2

(A6.3.j)

where c* is the bulk concentration of R in the solution, rg is the insulator radius, rs is the
simulation space limit in the radial direction, ll and l are the z coordinates of the upper and
lower simulation space limits, respectively; h is the recess depth, and tc is the carbon layer
thickness. The oxidation current at the carbon surface was calculated by solving the following
diffusion problem in the dimensionless form:
𝜕𝐶𝑅
𝜕𝜏
𝜕𝐶𝑂
𝜕𝜏

=
=

𝜕2 𝐶𝑅
𝜕𝑅 2
𝜕2 𝐶𝑂
𝜕𝑅 2

1 𝜕𝐶𝑅

+𝑅

𝜕𝑅

1 𝜕𝐶𝑂

+𝑅

𝜕𝑅

+
+

𝜕2 𝐶𝑅
𝜕𝑍 2
𝜕2 𝐶𝑂
𝜕𝑍 2

;

τ > 0, 0  R < RS, -L <Z < LL

(A6.4.a)

;

τ > 0, 0  R < RS, -L <Z < LL

(A6.4.b)

𝐶𝑅 = 1, 𝐶𝑂 = 0; τ = 0
𝐶𝑂
𝐶𝑅

𝑛𝐹

= exp(𝑅𝑇 (𝐸 − 𝐸°′ ));

𝜕𝐶𝑅
𝜕𝑛

=−

(initial conditions)

(A6.5)

𝜕𝐶𝑂
𝜕𝑛

τ > 0, 1 - TC  R  1, Z = 0; -H  Z  0, R = 1 - TC - Ztanθ

(carbon surface)

(A6.6)

where R is the gas constant, T is the temperature, E is the electrode potential, E0’ is the formal
potential, and 𝜕𝐶(𝑅, 𝑍, τ )/𝜕𝑛 is the normal derivative.
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𝜕𝐶𝑅
𝜕𝑛

=

𝜕𝐶𝑂
𝜕𝑛

= 0 τ > 0, Z=0, 1 <R  RG ; -L  Z  0, R = RG- Ztanθ (outer pipette wall)
(A6.7)

𝐶𝑅 = 1, 𝐶𝑂 = 0; τ > 0, Z=LL, 0  R  RS; -L  Z  LL, R=RS; Z= -L, RG+Ltanθ < R  RS
(simulation space limit)
𝜕𝐶𝑅
𝜕𝑅

=

𝜕𝐶𝑂
𝜕𝑅

= 0; τ > 0, R = 0, -H  Z  LL

(A6.8)
(axis of symmetry) (A6.9)

In cyclic voltammetry, the potential was swept linearly at a constant scan rate v from the
initial potential, Ei, and the sweep direction was reversed at the switching potential, Eλ. In the
dimensionless form the potential sweep rate was expressed as:
𝑎2 𝑛𝐹𝑣

𝜎 = 4𝐷

𝑅𝑇

(A6.10)

The dimensionless current obtained by integrating the diffusion flux over the carbon
surface corresponds to the physical current normalized by the diffusion limiting current to the
inlaid disk with the radius a (Eq. 6.1).
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(27) Noël, J.-M.; Zigah, D.; Simonet, J.; Hapiot, P. Langmuir 2010, 26, 7638-7643.
(28) Liu, G.; Luais, E.; Gooding, J. J. Langmuir 2011, 27, 4176-4183.
(29) Wang, Y.; Kececi, K.; Mirkin, M. V.; Mani, V.; Sardesai, N.; Rusling, J. F. Chem. Sci. 2013,
4, 655-663.
(30) Vitol, E. A.; Schrlau, M. G.; Bhattacharyya, S.; Ducheyne, P.; Bau, H. H.; Friedman, G.;
Gogotsi, Y. Chem. Vap. Deposition 2009, 15, 204-208.
(31) Yu, Y.; Noël, J.-M.; Mirkin, M. V.; Gao, Y.; Mashtalir, O.; Friedman, G.; Gogotsi, Y. Anal.
Chem. 2014, 86, 3365-3372.
(32) Sun, P.; Mirkin, M. V. Anal. Chem. 2006, 78, 6526-6534.
(33) Wain, A. J. Electrochim. Acta 2013, 92, 383-391.
(34) Nogala, W.; Velmurugan, J.; Mirkin, M. V. Anal. Chem. 2012, 84, 5192-5197.
(35) Bard, A. J.; Mirkin, M. V. Scanning Electrochemical Microscopy, Second Edition; CRC Press,
2012.
(36) Baranski, A. S. J. Electroanal. Chem. Interfacial. Electrochem. 1991, 307, 287-292.
(37) Alfred, L. C. R.; Oldham, K. B. J. Phys. Chem. 1996, 100, 2170-2177.
(38) Perez, J.; Gonzalez, E. R.; Villullas, H. M. J. Phys. Chem. B 1998, 102, 10931-10935.

124

(39) Rodríguez-Vázquez, M. J.; Blanco, M. C.; Lourido, R.; Vázquez-Vázquez, C.; Pastor, E.;
Planes, G. A.; Rivas, J.; López-Quintela, M. A. Langmuir 2008, 24, 12690-12694.
(40) Oliver-Meseguer, J.; Cabrero-Antonino, J. R.; Domínguez, I.; Leyva-Pérez, A.; Corma, A.
Science 2012, 338, 1452-1455.
(41) Corma, A.; Concepción, P.; Boronat, M.; Sabater, M. J.; Navas, J.; Yacaman, M. J.; Larios, E.;
Posadas, A.; López-Quintela, M. A.; Buceta, D.; Mendoza, E.; Guilera, G.; Mayoral, A. Nat.
Chem. 2013, 5, 775-781.
(42) Jeyabharathi, C.; Senthil Kumar, S.; Kiruthika, G. V. M.; Phani, K. L. N. Angew. Chem. Int.
Ed. 2010, 49, 2925-2928.
(43) Chen, W.; Chen, S. Angew. Chem. Int. Ed. 2009, 48, 4386-4389.
(44) Brust, M.; Gordillo, G. J. J. Am. Chem. Soc. 2012, 134, 3318-3321.

Chapter 6
(1)

Murray, R. W. Chem. Rev. 2008, 108, 2688.

(2)

Oja, S. M.; Wood, M.; Zhang, B. Anal. Chem. 2013, 85, 473.

(3)

Ewing, A. G.; Strein, T. G.; Lau, Y. Y. Acc. Chem. Res. 1992, 25, 440.

(4)

Fasching, R. J.; Bai, S.-J.; Fabian, T.; Prinz, F. B. Microelectron. Eng. 2006, 83, 1638.

(5)

Zhan, W.; Bard, A. J. Anal. Chem. 2006, 78, 726.

(6)

Sun, P.; Laforge, F. O.; Abeyweera, T. P.; Rotenberg, S. A.; Carpino, J.; Mirkin, M. V. Proc.
Natl. Acad. Sci. U.S.A. 2008, 105, 443.

(7)

Fan, F. - R. F.; Bard, A. J. Science 1995, 267, 871.

125

(8)

Sun, P.; Mirkin, M. V. J. Am. Chem. Soc. 2008, 130, 8241.

(9)

Lemay, S. G.; Kang, S.; Mathwig, K.; Singh, P. S. Acc. Chem. Res. 2013, 46, 369.

(10) Schrlau, M.; Dun, N.; Bau, H. ACS Nano 2009, 3, 563.
(11) Singhal, R.; Orynbayeva, Z.; Sundaram, R. V. K.; Niu, J. J.; Bhattacharyya, S.; Vitol, E. A.;
Schrlau, M. G.; Papazoglou, E. S.; Friedman, G.; Gogotsi, Y. Nat. Nanotech. 2011, 6, 57.
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